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Abstract 
Biodiversity is the outcome of a complex evolutionary history underpinned by a multitude 
of temporally and spatially variable processes. Which processes and how they influence the present-
day distributions of biodiversity are questions not only central to evolutionary and ecological 
investigations but can also be critical to conservation management. Although elucidating the 
mechanisms underlying biodiversity can be a difficult task, the patterns of biodiversity distributions 
have raised interest for biological investigations. For more than a century, species as a unit of 
variation has been fundamental in evaluating likely processes shaping biodiversity. However, 
patterns of species distributions or phylogenies can be limited, especially in resolving the influence 
of factors operating at fine spatial and temporal scales. Yet, evolutionary changes are underpinned 
by genetic variations, which are governed by microevolutionary processes acted upon by fine scale 
processes. Thus, examination of the distributions of intraspecific genetic diversity can complement 
species-level investigations, while giving historical and contemporary perspectives to the factors 
influencing biodiversity distributions. 
Amongst the various marine regions in the world, the Indo-West Pacific (IWP) is the largest 
and the most species diverse, with its species diversity concentrating at its “center” – the Coral 
Triangle. Because of the immense species richness and peculiar longitudinal gradient of species 
diversity, the IWP has aroused interest of many biogeographers leading to various investigations 
seeking to understand the mechanisms responsible for the IWP marine biodiversity. While the more 
than half a century of inquiry has given us insights into the processes underlying the IWP marine 
biodiversity, there still remain unresolved issues, particularly pertaining to the influence of more 
recent factors to the IWP biodiversity. Thus, further investigations on the fine scale processes 
responsible for the generation and maintenance of IWP marine biodiversity are needed, especially 
now when results of such investigations are becoming more appreciated in practical applications. 
To this end, in this thesis I aim to understand the processes shaping the marine biodiversity 
distributions in the IWP, focusing on the Coral Triangle – the most species diverse marine region 
across the globe. First, in Chapter 1, I give a general introduction of about the biogeography IWP 
and population genetic methods that are presently used to understand the distribution of genetic 
diversity. Second, in Chapter 2, I examine broad-scale patterns of intraspecific genetic diversity of 
nine marine taxa across the IWP, with the goal of revisiting the predictions of previous 
biogeographic hypotheses put forward to explain the patterns of IWP species diversity. While I 
expect similar genetic signals from co-occurring species arising from shared evolutionary history, I 
find idiosyncratic intraspecific genetic patterns of the nine marine taxa when examined for regional 
differences in genetic diversity, directionality of gene flow and signatures of Pleistocene low sea-
level stands across regions. Third, in Chapter 3 I investigate the likely effects of the Pleistocene 
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low sea-level stands to IWP marine taxa using genome-wide data of two reef fish species sampled 
across the Philippines – the northern tip of the Coral Triangle. Explicit test of models representing 
different genetic outcomes arising from the Pleistocene suggests population expansions and past 
divergence with recent mixing for the two species examined; thus, highlighting the lingering 
influence of the low sea-level stands to IWP biodiversity. Fourth, in Chapter 4 I evaluate the 
influence of contemporary environment to the patterns of adaptive variations across the Philippines 
seascape using genome-wide data of the same two reef fish species. Although an overall weak 
population structuring is evident in the two species, putative signals of adaptive variation are 
apparent from the two reef fish species, albeit with varying spatial predictors. Lastly, in Chapter 5, 
I discuss the overall implications of these results, which when taken together, these results show the 
multitude of processes shaping the IWP marine biodiversity, with the signatures of the Pleistocene 
glacial cycles still persistent but also evident is the influence of contemporary environment. 
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Chapter 1 – General Introduction 
Biological and physical processes that generate and maintain biodiversity are not only 
fundamental to evolutionary and ecological inquiries but are considered central in developing 
strategies for mitigating biodiversity loss (Moritz, 2002; Pressey et al., 2007; Hoffmann & Sgrò, 
2011; Sgrò et al., 2011). Identification of these processes is therefore critical in planning for the 
future, particularly in light of our rapidly changing environment (Halpern et al., 2015; Urban, 
2015). In the previous century, patterns of biodiversity distributions have been important in 
deducing key causes of biodiversity, with species commonly used as the major unit of biological 
variation (Gaston, 2000). Accordingly, examination of species distributions has given us valuable 
insights about the likely mechanisms shaping our present-day biodiversity (e.g., Tittensor et al. 
2010; Pellissier et al. 2014). However, biophysical processes are temporally and spatially variable 
possibly leaving distinct signatures on different aspects of biodiversity (Ricklefs, 2004). While 
contemporary environment might not reflect macroevolutionary patterns, present-day factors can be 
important drivers of microevolutionary processes that also underpin the distribution of genetic 
diversity across space and time.  With the rapid development in both genetic data generation and 
analysis, examination of genetic diversity, particularly intraspecific genetic diversity, has 
complemented species diversity distributions in identifying extrinsic and intrinsic factors 
influencing biodiversity (Bowen et al., 2013), potentially giving practical applications in 
conservation (Beger et al., 2014; Hoffmann et al., 2015; Hanson et al., 2017). 
In this thesis, I apply genetic methods to infer factors that shape the distributions of tropical 
marine biodiversity by explicitly examining the contributions of historical and contemporary 
processes to the present-day genetic diversity of different marine organisms from the Philippines – 
one of the most biodiverse regions in the world. In the following sections, I provide an overview of 
the general principles for examining intraspecific genetic diversity and for my study system, the 
Philippines and the Indo-West Pacific region.  
 
Biogeography of the Tropical Indo-Pacific Oceans 
The Indo-West Pacific (IWP) region is the most species diverse and the largest tropical 
marine region worldwide, spanning the Red Sea and east coast of Africa to the Hawaiian Islands 
and Easter Island provinces (Briggs, 1999). Along the expanse of the IWP, a longitudinal gradient 
of marine biodiversity is observed peaking at its center (Tittensor et al., 2010). While various 
delineations and names have been given to this central region (Hoeksema, 2007), here it will be 
referred to as the Coral Triangle – an area bounded by the Philippines at the northern tip, the 
Malaysian Peninsula at the western end and Papua New Guinea at the east. Because of the high 
similarity of marine community composition in the Coral Triangle with its neighbouring regions, 
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the Coral Triangle is not considered as a distinct marine biogeographic region. Additionally, when 
endemism is considered, the Coral Triangle is neither distinguished from the Central-Indo Pacific 
province (sensu Spalding et al. 2007) nor from the Indo-Polynesian province (sensu Briggs and 
Bowen 2012). Regardless of the Coral Triangle’s status as a distinct marine region, its extreme 
marine species diversity has fascinated and still continues to attract many marine biogeographers 
seeking to understand what processes could have generated such gradient of marine species 
diversity in the IWP, while utilizing more recent methodologies, such as populations genetics, to 
give better resolution to these inquiries. 
A broad array of taxonomic groups exhibits their highest species richness in the Coral 
Triangle. Amongst them are corals, with more than 600 species, comprising 76% of world’s total 
species (Veron et al., 2009); reef fishes, comprised of more than 2000 species equivalent to 50% of 
that of the whole Indo-Pacific (Allen, 2008); macroalgae of the Order Bryopsidales (Kerswell, 
2006); gastropods (Roberts et al., 2002); bivalves (Crame, 2000); shrimps of the subfamily 
Pontoniine (Fransen, 2007) and many more. Regrettably, the high biodiversity of the Coral Triangle 
is facing extreme local anthropogenic and global threats (Halpern et al., 2015). Among these threats 
are over extraction of marine resources, pollution, coastal development and warming seas – all of 
which put ~92% of the coral reefs in the Coral Triangle at risk, which comprises approximately a 
third of coral reefs globally (Burke et al., 2012). Due to the high concentration of marine 
biodiversity and its perceived threats (Roberts et al., 2002; Burke et al., 2012), the Coral Triangle 
has gained enormous attention for international conservation efforts, such as the Coral Triangle 
Initiative (http://www.coraltriangleinitiative.org/). Alongside these conservation initiatives are 
research efforts focused in determining the processes responsible in creating and maintaining the 
marine biodiversity of the region and applying for conservation management, e.g., Carpenter et al. 
(2010); Beger et al. (2014).  
At the northern tip of the Coral Triangle lies the Philippines – a region perceived as the 
absolute epicenter of marine biodiversity (Carpenter & Springer, 2005), with species richness that 
appears to exceed even that of its neighbouring regions within the Coral Triangle. Yet, to date, how 
the high marine biodiversity in the Philippines arose, and what processes are responsible for its 
maintenance are still debated. Given the high species diversity in the Philippines, it is of interest to 
determine what processes are responsible for its generation, which can also give insight into 
processes maintaining this diversity. At the same time, understanding of these processes can 
potentially lead to conservation strategies that (1) prioritize biodiversity originating from historical 
processes, and (2) incorporate contemporary processes that influence biodiversity in management 
planning (Moritz, 2002; Hoffmann et al., 2015). 
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Geological History and Oceanography of Coral Triangle 
Because biodiversity is the outcome of a very long evolutionary history, different processes 
operating at various time points can be expected to have shaped the present-day distribution of 
biodiversity (Ricklefs, 2004). Accordingly, numerous phenomena are suggested to have contributed 
to the gradient of species diversity in the IWP, particularly in generating the extreme species 
diversity of the Coral Triangle. Below I give an overview of the main factors suggested to have 
significantly influenced the marine biodiversity of the Coral Triangle. 
 
Plate Tectonics and the Present-Day Coral Triangle  
Tectonic activities, responsible for the establishment of the Coral Triangle, are presumed to 
be key contributors to the high marine biodiversity of the region by promoting secondary contact, 
allopatric and parapatric speciation, and generating vast areas of diverse habitats. Specifically, the 
present-day configuration of the Coral Triangle is an outcome of various tectonic activities (Hall, 
2002), which likely resulted in the following: (1) amalgamation of marine biota from different 
plates, (2) vicariance events predating the Quaternary, and (3) creation new shallow habitat 
(Pandolfi, 1992; Pandolfi, 1993; Wilson & Rosen, 1998). Approximately 55 million years ago 
(Mya), the Southeast Asian region was largely separated from other regions, such as the Australia-
plate and Pacific-plate, by wide stretches of open oceans including the Indo-Pacific Gateway (Hall 
(2002); (Figure 1.1a). Such a configuration has been suggested to inhibit migration of marine biota, 
zooxanthellate corals in particular, between regions (Wilson & Rosen, 1998). The subsequent 
tectonic activities, especially the movement of the Australian and other micro-continental plates 
(Figure 1.1b, c), resulted in translocation of islands arcs, thereby potentially leading to the merging 
of marine biota from different regions (Pandolfi, 1993). While tectonic movement likely connected 
marine biota from different regions, the complex tectonic activities, e.g., rotation, leading to the 
present-day configuration of the Coral Triangle are also suggested to have generated barriers 
leading to isolations of marine biota (Pandolfi, 1992). For example, the small landmasses in 
Southeast Asia (yellow landmasses partially detached from the Eurasia in Figure 1.1c) are 
suggested to have acted as a barrier during the course of the tectonic movement (Pandolfi, 1993). 
Although these two different effects are likely to have occurred at different times, they highlight 
complex contributions of historical events to our present-day biodiversity. 
While the biological consequences of tectonic activities mentioned above are important, the 
potential contribution of the resulting shallow-water habitat from tectonic activities should not be 
under-appreciated (Figure 1.3d). The reconfiguration of the Southeast Asia, specifically the 
narrowing of the Indo-Pacific Gateway, has potentially allowed the otherwise unlikely colonization 
of Southeast Asia by marine taxa from the west side of the Indian Ocean (i.e., Tethys Sea). These 
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changes are critical to the present-day marine biodiversity of the Coral Triangle given the 
suggestions, based on fossil records and genetic data, that many of its marine taxa have originated 
from the Tethys Sea (Renema et al., 2008).  
 
Pleistocene Sea Level Fluctuations 
The glacial cycles during the Pleistocene have undoubtedly impacted biodiversity globally 
(Hewitt, 2000, 2004). Since both terrestrial and marine habitats were directly covered by the 
glaciers during this period, the impacts of glacial cycles are more pronounced, or perhaps more 
studied, in the biota of the northern latitudes. Although there were no ice cap formations in the 
tropics, the glacial cycles resulted in a series of global fluctuations in sea level (Lambeck & 
Chappell, 2001). Certainly, these intermittent changes have influenced marine taxa of both the 
lower latitudes and the tropics, especially with the extreme reduction of up to 92% of shallow water 
habitats during glacial maxima (Ludt & Rocha, 2015). With the abundance of shallow water 
habitats peaking in the Coral Triangle, its marine biota could have been significantly affected by the 
low sea-level stands. Specifically, the extreme reduction in habitats potentially resulted in severe 
extirpation of marine biota in the Coral Triangle. Whilst the subsequent sea-level rise restores the 
previous shallow water area, the severe extirpations could have likely resulted in population 
bottlenecks or worse local extinctions, potentially leaving imprints in the present-day biodiversity 
distributions across the IWP. 
Contemporaneous with the loss of habitat during low sea level stands was the emergence of 
landmass barriers arising from shallow water areas. Accordingly, marine organisms inhabiting 
shallow water areas not only experienced extirpations, but were also likely subjected to population 
fragmentations, resulting in patches of isolated populations. In the tropics, the most pronounced of 
these barriers was the sea level regression in the Sunda and Sahul Shelves resulting in the Indo-
Pacific Barrier (IPB). Because of the resulting constriction of the Indonesian Through Flow 
(ITF), the IPB likely caused restricted dispersal of marine fauna between Pacific and Indian Oceans 
(Voris 2000; Figure 1.2), which at a broader spatial scale, could have temporarily isolated the 
marine fauna of the two oceans. Within the Coral Triangle, the abundance of shallow water habitat 
has likely isolated many of the small basins such as the Sulu Sea, Celebes Sea, and South China 
Sea, possibly contributing to allopatric divergence in the region (McManus 1985; Figure 1.2). 
These potential consequences of the low sea-level stands to the marine taxa of the Coral Triangle 
and the broader IWP could yield simple predictions if these events had happened continuously and 
not intermittently. But because of the ephemeral nature of the low sea-level stands, finding their 
footprints in the present-day distributions of biodiversity can be challenging, especially in that 
various outcomes can arise from each glacial cycle leading to a multitude of evolutionary outcomes 
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throughout the Quaternary. As such, understanding how the Pleistocene low sea-level stands 
influenced tropical marine biodiversity still remains a challenge and continues to be an active area 
of research to date. 
 
Oceanography of Coral Triangle 
The pelagic larval stage of many marine organisms is fundamental to their dispersal (Cowen 
et al., 2007; Cowen & Sponaugle, 2009). While various extrinsic and intrinsic factors influence 
pelagic larva, oceanography can significantly affect the extent of its dispersal by acting as a 
facilitator or barrier (White et al., 2010), thereby potentially modulating the distribution of marine 
taxa with pelagic larval phase. It must be noted however that oceanographic processes can be 
temporally variable (Riginos & Liggins, 2013), possibly influencing marine taxa differently at 
various time points. As such, the temporal context of oceanographic processes is important when 
examining their influence on biodiversity. 
Present-day oceanographic processes of the IWP, in the Coral Triangle in particular, are 
suggested to influence the patterns of marine biodiversity in the region. Amongst the various 
oceanographic currents in the Coral Triangle, the ITF is possibly one of the major facilitators of 
marine dispersal across the Coral Triangle and the Pacific Islands. Specifically, the ITF transports 
high volume of water from the Pacific Ocean towards the Indian Ocean, which likely facilitates 
westward dispersal of biota from Pacific islands (Ladd, 1960; Gordon, 2005). The ITF is mainly 
comprised of water crossing the seaway between the Halmahera and Mindanao (passing mainly 
through the Makassar Strait; Figure 1.2). Yet, it also receives inputs from the South China Sea and 
Sulu Sea, thereby connecting the different basins across the Coral Triangle.  Whereas this can result 
in the homogenization of marine taxa across the Coral Triangle and the western Pacific (Treml et 
al., 2015), it also allows the confluence of species diversity in the Coral Triangle possibly 
contributing to its high marine biodiversity. 
Whereas various oceanographic currents possibly facilities dispersal across the Coral 
Triangle, some currents and eddies are suggested to act as local barriers, potentially contributing to 
allopatric or parapatric divergence in some areas of the Coral Triangle. For example, the New 
Guinea Coastal Current (NGCC) moving westward deflects to the opposite direction upon reaching 
Halmahera (Figure 1.2). Similarly, part of the Mindanao Current (MC) moving southward deflects 
eastward (Lukas et al., 1991). These two currents create eddies, the Halmahera and Mindanao 
Eddies, which could isolate the east and central Indonesian coastal marine populations from each 
other. In addition to this, the North Equatorial Current (NEC), from which the MC originates, 
bifurcates at the eastern seaboard of the Philippines, possibly creating a barrier between the 
northern and southern regions of the Philippines (Figure 1.2). Thus, the present-day oceanographic 
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features of the Coral Triangle could contribute to its high marine biodiversity by both promoting 
population connectivity, which allows mixing of marine biota, and preventing dispersal of marine 
taxa, potentially resulting in diversification via divergence. 
 
From Patterns to Processes: Elucidating Drivers of IWP Biodiversity 
Various factors, including those described above, undoubtedly have contributed to the high 
biodiversity of the Coral Triangle, including both historical and contemporary processes acting on 
various spatial scales. While geological processes such as tectonics have likely contributed to 
species diversification in the IWP (Renema et al., 2008), more recent Pleistocene-associated habitat 
changes and contemporary environments are likely to leave footprints to present-day genetic 
diversity of marine organisms. Strikingly to date, most studies seeking to identify important 
mechanisms underlying the IWP biodiversity have focused primarily on species distributions data, 
giving less attention to genetic data, particularly intraspecific genetic diversity. Although a great 
deal of inference has been made with species data as exemplified in the different “center” 
hypotheses (collectively referred to here as “Center Hypotheses” further discussed in Chapter 2), 
using species-level data alone is likely to overlook critical patterns such as strong spatial divergence 
between populations or the presence of cryptic species, which are recently being unravelled by 
various phylogeographic studies across the IWP (see Gaither and Rocha 2013 for a summary of 
divergent populations and  DiBattista et al. 2017 for examples of cryptic species). Thus, there is a 
strong need to complement species-level inference with intraspecific genetic data for us to further 
our understanding of the patterns of biodiversity across the IWP and the processes responsible for 
its distribution. 
The spatial factors and their influence on biological processes can be spatially variable, 
making spatial scale as an important consideration in investigations seeking to understand the 
mechanisms driving biodiversity (Riginos & Liggins, 2013). For example, testing for the suggested 
westward transport of biodiversity from the Pacific region to the Coral Triangle requires 
examination of patterns of biodiversity across the broader IWP, e.g., evaluation of gene flow with 
intraspecific genetic data. Although certain phenomena, specifically historical events, can yield 
similar outcomes at different spatial scales, the spatially variable present-day environment can 
modulate them, leaving various imprints in the present-day biodiversity. For example, examinations 
of the effects of the Pleistocene low sea-level stands on IWP marine taxa should be discernible at 
the broader IWP scale, reflecting the influence of IPB, and at a finer scale within the Coral Triangle, 
possibly revealing isolations of the small basins (Woodland, 1983; McManus, 1985). Yet, 
observing divergence is more likely at a broader scale, in which recent gene flow can be lower than 
in finer-scale, wherein gene flow can modulate past divergence (Alcala et al., 2016). With the 
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influence of the various processes shaping the IWP biodiversity likely to be dependent on spatial 
scale, it is important for investigations on these processes to have complementary spatial scales. 
To this end, in this thesis I examine patterns of genetic diversity to elucidate processes that 
influence the distributions of the IWP marine biodiversity. With spatial scale possibly constraining 
inference on mechanisms generating biodiversity, here, I evaluate intraspecific genetic diversity of 
various marine taxa at spatial scales across the broad IWP and finer within the Coral Triangle, the 
Philippines in particular. Specifically, in Chapter 2, I link genetic patterns of the Philippines to the 
wider IWP and ask how broad-scale processes could have contributed to the biodiversity in the 
Philippines, or the Coral Triangle in general, with the goal of explicitly testing previous hypotheses 
against intraspecific genetic diversity data. I then complement this broad-scale approach with a fine-
scale examination of genetic diversity within the Philippines in Chapters 3 and 4. In these two 
chapters, I tease apart the likely contributions of historical phenomena and contemporary 
environment to the genetic diversity of IWP marine taxa. In particular, in Chapter 3, I first 
investigate the likely impact of sea-level regressions during the glacial cycles, to present-day 
genetic diversity while putting it in the broader context of finding imprints of Pleistocene sea-level 
stands to genetic diversity and divergence of tropical marine species. Finally, in Chapter 4, I focus 
on the relative contribution of present-day seascape features, specifically sea surface temperature 
and salinity, to genetic diversity of two reef fishes with varying reproductive traits that likely result 
in different dispersal capacity. 
 
Approaches for Understanding Distribution of Genetic Variation: Phylogeography and Seascape 
Genetics 
Present-day biodiversity is the outcome of evolutionary changes caused by different 
processes through time, which can be thought of as a growing tree nourished by evolutionary 
changes (Figure 1.3) (Darwin, 1859). As such, evolutionary changes elicited by different processes 
are likely to leave imprints at different scales of biodiversity. Accordingly, inference on processes 
causing evolutionary changes will be dependent on the biological scale at which biodiversity is 
being examined. At present, most of the investigations on mechanisms generating biodiversity are 
focused on species distribution and phylogenies. While these sorts of data are very informative, 
solely using them might constrain our inference because patterns of species diversity and 
phylogenies are summaries of evolutionary responses across species (grey area in Figure 1.3). 
Using these species and phylogenetic summaries largely disregard the variance of evolutionary 
responses, which are likely to give us finer resolution on the causes of evolutionary changes (Avise 
et al., 1987). 
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Fundamental to these evolutionary changes are genetic variations underpinned by the 
different microevolutionary forces, namely: genetic drift, gene flow, selection and mutations. Being 
largely mathematical in its early days, population genetics formulated mathematical models of how 
microevolutionary processes can alter allelic frequencies resulting in evolutionary changes within 
and between populations (Wright, 1922; Fisher, 1930; Wright, 1943, 1949). While these population 
genetic models are central to intraspecific genetic diversity investigations, examinations of 
empirical genetic data from natural populations have become more spatially explicit, relating 
intraspecific genetic diversity to geography and other spatial factors (Avise, 2009; Rissler, 2016). 
These developments have led to the foundation of the different subfields of population genetics, 
namely, phylogeography and landscape genetics (Avise, 2000; Manel et al., 2003). The field of 
phylogeography, which is focused in the examination of the geographic distributions of 
intraspecific lineages, has been fundamental in inferring probable physical processes interacting 
with microevolutionary processes to shape a species’ intraspecific genetic diversity (Avise et al., 
1987).  More recently, phylogeography is complemented by landscape genetics studies (Manel & 
Holderegger, 2013), which explicitly links specific landscape features to intraspecific genetic 
diversity. Because of the different nature of marine and terrestrial environments, an approach 
specific to marine systems branched from landscape genetics, which is referred to as seascape 
genetics (Galindo et al., 2006; Riginos & Liggins, 2013). Below I briefly outline how 
phylogeography and seascape genetics can be used to tease apart the influence of different 
processes operating at different temporal and spatial scales. 
 
Phylogeography, Gene Trees and Demographic Inference 
The advent of DNA sequence data enabled explicit examination of relationship between 
individuals (DNA sequences) allowing the generation of population trees; and hence, phylogenetic 
inference be made, particularly divergence between populations (Avise et al., 1987). As such, the 
field of phylogeography allows inference about processes that leave distinct genetic patterns across 
space, such as historical events and other geographical factors. These phylogeographic patterns, 
typically represented as gene trees, are then related to microevolutionary processes to infer the 
likely influence of certain factors (i.e., modelling the effects of some physical processes on genetic 
drift and gene flow). For example, divergent lineages corresponding to putative refugia during the 
glacial cycles can give us insights in previous isolations, while patterns of site frequency spectrum 
may indicate population contractions and expansions (Rogers & Harpending, 1992; Hewitt, 2004). 
However, the present-day observable genetic diversity is only one of the multitudes of possible 
outcomes of the interplay between historical and contemporary processes; thereby making 
traditional phylogeographic inference challenging i.e., competing scenarios are not tested (Knowles 
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& Maddison, 2002).Although the field of phylogeography is analytically progressing with explicit 
model testing (Knowles, 2009), the limited genetic data available in the past decade have greatly 
constrained phylogeographic inference, which has led to gaps in our knowledge about the potential 
roles of historical phenomena in the present-day biodiversity. 
 
Seascape Genetics and Environmental Factors 
Whereas phylogeography is broadly concerned with inferring the effects of certain factors 
using gene trees, seascape genetics examines the influence of environmental factors to the 
distribution of genetic diversity mainly through a correlation framework, wherein genetic diversity 
is traditionally summarized as within or between sites measures (e.g., alpha and beta diversities). 
Although the distinction between landscape genetics and phylogeography, or population genetics in 
general, is becoming less and less (Knowles, 2009; Dyer, 2015), the strong focus of seascape 
genetics in quantifying the effects of various physical processes to genetic diversity makes it a good 
complement of phylogeographic investigations (Manel et al., 2003). It must be noted however that 
unlike phylogeography, especially those that explicitly model genetic drift and geneflow, seascape 
genetics tends to assume evolutionary equilibrium, and therefore implicitly assumes that the genetic 
patterns observed is the outcome of microevolutionary processes interacting with physical processes 
under consideration (see Figure 1.4; but processes under examination can be past processes as 
well). 
In the past decades, seascape genetics have been dominated by investigations focused on 
neutral processes, such as genetic drift and gene flow, which are expected to largely shape the 
genomic background (although this was also due to constrains in available genetic data). For 
example, the correlation between spatial factors, such as habitat size and geographic distance, and 
different aspects of neutral genetic diversity, such as heterozygosity and 𝐹𝑠𝑡, suggests their potential 
influence to genetic diversity (see Selkoe et al. 2010 for example; and Selkoe et al. 2016 for a 
summary of seascape genetics studies). Although previous studies were focused on neutral 
processes, they have clearly demonstrated the possibility of teasing apart the likely contributions to 
genetic diversity of different physical processes operating simultaneously (Figure 1.4).  
Whereas great progress has been made in terms of the influence of seascape features on 
genetic diversity (e.g., White et al. 2010), the likely influence of the environment on adaptive 
processes still remains unclear. Adaptive processes resulting in local adaptation are believed to be 
underpinned by small portion of the genome (Tiffin & Ross-Ibarra, 2014) and expected to exhibit 
distinct genetic signals (Lewontin & Krakauer, 1973). As such and similar to the case of neutral 
genetic diversity, it will be possible to examine spatial predictors for the distinct genetic signals 
caused by adaptive processes (Manel et al., 2010). However, because those signals are probably 
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restricted to a small portion of the genome, genomic sampling is necessary to capture the genetic 
outcome of these adaptive processes (Nielsen et al., 2009). While the limited availability of 
genomic data has previously impeded landscape genetics studies, recent developments in data 
generation and statistical methods are paving the way for landscape genetics to investigate likely 
drivers of adaptive processes (Manel et al. 2010; see the following section for more discussion). 
 
Refining Phylogeography and Seascape Genetics Inference in the Genomic Era 
Historical inferences have been traditionally based on patterns of present-day genetic 
structuring (Knowles & Maddison, 2002). While the insights gained from examining patterns of 
genetic differentiation are valuable (Neigel, 2002), they can overlook important genetic signals or 
be misleading when the underlying history is complex. An alternative and arguably more powerful 
approach to summary statistics-based inference is model-based inference, which has allowed 
explicit tests of competing historical scenarios (Knowles & Maddison, 2002; Nielsen & Beaumont, 
2009; Bertorelle et al., 2010). For example, coalescent model-based analysis has outperformed 𝐹𝑠𝑡-
based analysis in detecting an Isolation-by-Distance (IBD) pattern for many marine species in 
Hawaii Archipelago (Crandall et al., 2018). Although powerful in inferring population histories, 
model-based inference can perform poorly when resolving complex histories (e.g., models with 
gene flow between many populations) using small amount of genetic data (Edwards & Beerli, 2000; 
Kuhner, 2009) – a difficulty that arises due to the high variance in evolutionary history and 
encountered by most phylogeographic studies in the past two decades. The recent advancement and 
accessibility in DNA sequencing, however, allow thousands of genetic markers to be sampled 
across the genome (Davey et al., 2011), paving the way for more robust historical inference. 
Like most of the population genetic studies, landscape genetics studies have been 
historically limited to mtDNA or few microsatellite markers (Manel & Holderegger, 2013; Selkoe 
et al., 2016). This set of markers can still be informative in inferring processes related to neutral 
genetic diversity. However, the use of few genetic markers limits our ability to examine adaptive 
variations, which are likely driven by a small portion of the genome. The ease of access to genomic 
data is likely to advance landscape genetics inference, especially when investigating phenomena 
related to local adaptation (Manel et al., 2010; Tiffin & Ross-Ibarra, 2014). Specifically, genome-
wide sampling gives us insight into the genomic distribution of diversity; thereby, enabling us to 
examine patterns of genetic diversity that deviate from the genomic background. This enormous 
genomic information coupled with landscape genetics can allow us to investigate environmental 
predictors of adaptive variations (Manel et al., 2010). Although this approach might be exploratory 
in nature, it can certainly advance our understanding of the influence of contemporary processes on 
species’ genetic diversity.  
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The developments in genetic data generation and statistical inference, paralleled by our 
increasing computational capacity, are rapidly advancing the fields of phylogeography and 
landscape genetics. Being two separate fields addressing different but not mutually exclusive 
questions, phylogeography and landscape genetics are rarely used in complement of each other 
(leading to weaker inferences). Specifically, examination of more contemporary processes, via 
landscape genetics, can be potentially obscured by past events that have led to present-day 
evolutionary disequilibrium (Dyer et al., 2010; Marko & Hart, 2011). Because discounting a 
species’ history can possibly lead to spurious inference, examination of the influence of present-day 
environment to genetic diversity necessitates the ascertainment of historical events. Therefore, 
combining phylogeography and landscape genetics will lead to better resolution on processes that 
have contributed and presently shaping the spatial distribution of intraspecific genetic diversity 
(Wang, 2010; Rissler, 2016). 
 
Genetic Patterns in the Indo-West-Pacific: Research Gaps and Opportunities 
Examination of intraspecific genetic diversity of marine taxa across IWP is an active area of 
research seeking to elucidate drivers of the IWP biodiversity (Bowen et al., 2013). While a broad 
IWP-scale is desirable in this line of investigation, the sheer expanse of the IWP precludes 
comprehensive sampling, possibly limiting inference. Consequently, many previous IWP 
phylogeographic studies have either patchy sampling across the IWP or have restricted coverage in 
areas such as the Coral Triangle, Hawaii Archipelago or the western region of the Indian Ocean 
(Keyse et al., 2014). Accordingly, augmenting existing genetic data with focal sampling can fast-
track generation of IWP-wide genetic data; when coupled with model-based inference, IWP-wide 
genetic data can aid in illuminating mechanisms driving IWP biodiversity. However, the problems 
posed by mtDNA markers to both phylogeographic and landscape genetics inference necessitate 
investigations utilizing genomic data (Galtier et al., 2009; Teske et al., 2018). Certainly, genome-
wide data together with model-based and quantitative inference are likely to move forward our 
understanding of key processes that drives the IWP biodiversity, particularly the roles of past 
historical events and the contemporary environment. In the following sections, I review the current 
state of IWP phylogeography while emphasizing key gaps that my thesis will address. 
 
Intraspecific Genetic Diversity of the IWP: Filling-In Missing Gaps at the “Center” 
Which processes are responsible for the longitudinal gradient of species diversity is central 
to many biogeographic inquiries in the IWP. Although the different processes underlying the 
“Center hypotheses” specifically predict the distribution of species diversity, they can analogously 
influence microevolutionary processes (Vellend, 2005), thereby generating testable predictions for 
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intraspecific genetic diversity (discussed in detail in Chapter 2). Accordingly, a gradient of genetic 
diversity peaking at the Coral Triangle can be expected under the different “Center hypotheses”. 
Indeed, pioneering phylogeographic studies across the IWP suggests a gradient of genetic diversity 
(Palumbi, 1996; Duda & Palumbi, 1999; Benzie et al., 2002). Although a gradient is not discernible 
from more recent phylogeographic surveys in the IWP, many marine taxa exhibit regional 
differences in genetic diversity. These include the grouper Cephalopholis argus whose populations 
in the Pacific Ocean have higher nucleotide and haplotype diversity compared with Indian Ocean 
populations (Gaither et al. 2011); Hawaiian populations of crimson jobfish Pristipomoides 
filamentosus, parrotfish Chlororus sordidus, milkfish Chanos chanos and white tip shark 
Triaenodon obesus, all of which present lower genetic diversity compared to other populations of 
the IWP (Bay et al., 2004; Ravago-Gotanco & Juinio-Meñez, 2004; Whitney et al., 2012; see 
Gaither et al. 2011a for other summary). While these results indicate apparent differences in 
intraspecific genetic diversity across the IWP, to date, there is no clear-cut spatial pattern of genetic 
diversity emerging across the IWP, which is partly due to the difficulty arising from patchy 
sampling caused by the vast expanse of the IWP (Keyse et al., 2014).  
Many of the single (or two) species IWP phylogeographic studies seek to understand the 
processes underlying the “Center Hypotheses”, but sampling gaps may limit the inference, 
especially since the Coral Triangle (“Center”) populations are rarely included in these studies (e.g., 
Bay et al. 2004; Craig and Hastings 2007; Gaither et al. 2011a). Moreover, it is now apparent that 
more extensive sampling can lead to better understanding of a species’ phylogeographic pattern 
(Crandall et al., 2014). For example, early phylogeographic works on the sea star L. laevigata 
revealed a strong Indian and Pacific Ocean genetic break (Williams & Benzie, 1998; Williams, 
2000; Crandall et al., 2008). Recent work however, uncovered intermediate haplotypes linking the 
previously observed strong genetic clades, which makes the pattern of divergence less pronounced 
(Crandall et al., 2014). This highlights the importance of filling in sampling gaps not only in 
uncovering phylogeographic patterns in the Coral Triangle but of the IWP as well. Unfortunately, 
many regions within the Coral Triangle, particularly the Philippines, are not included in broad scale 
phylogeographic studies; thus, highlighting the need for more extensive sampling, particularly in 
the Philippines, in order to infer range-wide historical processes and evaluate competing scenarios. 
In the Chapter 2 of this thesis, I leverage existing genetic data and fill in sampling gaps in order to 
examine the genetic diversity of different marine taxa across the IWP and explicitly test the 
predictions of the different “Center Hypotheses”, with the goal of inferring the likely processes that 
are responsible for the extreme biodiversity of the Coral Triangle. 
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Model-Based Inference in Examining Historical Processes 
Previous examinations of spatial genetic structuring across IWP of many marine taxa give 
us insights into potential processes that have shaped the present-day IWP biodiversity. A particular 
interest to many studies is the likely effect of the emergent landmass barriers during Pleistocene low 
sea-level stands on IWP marine taxa (Voris, 2000), with the effects of these barriers likely to be 
observed at different spatial scales. Specifically, at a broader spatial scale, an Indo-Pacific 
divergence can be expected from the IPB (Woodland, 1983); while within the Coral Triangle, 
different landmass barriers could have possibly resulted in small basin isolations (McManus 1985; 
Figure 1.2). Indeed, many phylogeographic studies encompassing the Indian and Pacific oceans 
have shown strong genetic divergence between the Indian and Pacific Oceans attributed to the IPB 
(reviewed in Gaither and Rocha 2013). Interestingly, even at a finer spatial scale within the Coral 
Triangle, phylogeographic patterns exhibit signature of low sea-level stands, with some marine taxa 
showing divergence between small previously isolated basins (e.g., Barber et al. 2000; Kochzius 
and Nuryanto 2008; Barber et al. 2011; Ackiss et al. 2013). Although the observed divergence 
concordant with emergent landmass barriers may reflect the influence of low sea-level stands to 
present-day genetic diversity, it remains unclear how the Pleistocene sea-level fluctuation affected 
marine taxa that do exhibit population structure in line with past barriers.  
While divergence across landmass barriers can be expected, the ephemeral nature of these 
barriers dictates that a variety of processes, especially gene flow, can modulate the accumulated 
genetic divergence, possibly leading to a predictable species-specific genetic pattern. Indeed, a 
spectrum of genetic outcomes has been documented from IWP marine organisms, with genetic 
divergence aligning to low sea-level stands barriers describing one end of this spectrum. At the 
extremes are species that displayed genetic homogeneity across putative low sea-level stand 
barriers. For example, the crimson jobfish P. filamentosus did not show phylogeographic division 
across the IWP, except for the apparent isolation of the Hawaiian archipelago (Gaither et al., 
2011a). Similarly, no genetic structuring was observed across the IWP and eastern Pacific in 
different species of moray eel, such as Gymnothorax undulatus and G. flavimarginatus (Reece et 
al., 2010). While genetic homogeneity is often construed as limited influence of putative past 
barriers (e.g., Gaither et al. 2011a), pamixia can simply be a result of strong recent gene flow 
eroding signals of past genetic divergence. Indeed, genetic patterns in between these two extremes 
resemble the outcomes of secondary contact. For example, mtDNA control region of the 
unicornfish Naso vlamingii sampled across the IWP did not show geographic structuring. Yet, there 
is an apparent clustering of the haplotypes, which was attributed to a series of contractions and 
subsequent expansions (Klanten et al., 2007). Similarly, genetic patterns from mtDNA control 
region of N. brevirostris sampled across the IWP did not show geographic pattern, but showed a 
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“temporal clustering”, which was reflective of the bimodal mismatch distribution and was proposed 
to be the remnant of Indian and Pacific Ocean isolation (Horne et al., 2008). Clearly, all these 
various genetic outcomes can be explained by different possible scenarios. To date however, there 
have been very few attempts to explicitly assess or compare competing scenarios, thus, limiting our 
knowledge about the contributions of low sea-level stands, particularly on how they influenced 
marine taxa showing weak or no spatial genetic structuring. 
Because of the limitation in available genetic data and analytical tools, most of the previous 
IWP phylogeographic studies examining the influence of low sea-level stands on present-day 
genetic patterns are limited to summary statistics, such as genetic differentiation statistics. 
However, the underlying demographic histories of many IWP marine taxa might be too complex for 
summary statistics-based inference (Knowles, 2009). For example, the expected high population 
connectivity within the Coral Triangle (Kool et al., 2011; Treml et al., 2015) can possibly erode 
signals of past divergence arising from emergent landmass barriers, in which case, differentiation 
statistics will reflect more recent rather than historical processes. With the increasing availability of 
many genetic markers (Luikart et al., 2003), explicit model testing provides an alternative to 
summary statistics-based inference in understanding the contributions of historical processes 
(Bertorelle et al., 2010), such as the sea-level fluctuations during the Pleistocene. In Chapter 4 of 
this thesis, I examine the influence of low sea-level (historical) to the present-day genetic diversity 
of tropical marine taxa. I achieve this through explicitly testing different genetic outcomes of low 
sea-level stands against genomic data of two reef fish species sampled from different small basins 
across the Philippines that were putatively isolated during the Pleistocene low sea-level stands. 
 
Examining the Roles of Contemporary Processes with Genomic Data 
While the IWP is one of the most biodiverse marine regions globally, how its present-day 
seascapes influence genetic diversity of tropical marine organism remains under-studied (Selkoe et 
al., 2016). Previous examination of the influence of contemporary processes have largely been 
qualitative, with many studies suggesting major oceanographic current and eddies within the Coral 
Triangle acting as barrier to gene flow (Barber et al., 2006; Kochzius & Nuryanto, 2008; Barber et 
al., 2011; DeBoer et al., 2014). Recently, quantitative examinations of the roles of oceanographic 
currents or geographic distance to genetic diversity of IWP marine taxa have been undertaken, with 
most of the data coming from mtDNA markers (e.g., (Crandall et al., 2014; Liggins et al., 2016; 
Keyse et al., 2018)). While mtDNA markers can be informative, there are various reasons in 
avoiding them when making inference about processes (especially neutral processes) driving a 
species’ genetic diversity (further discussed in Chapter 4). Moreover, genetic patterns from 
mtDNA might reflect genetic signals from past events more than the contemporary environment 
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(Crandall et al., 2014; Keyse et al., 2018), which could lead to spurious conclusions when 
investigating contemporary processes (Dyer et al., 2010). Given these drawbacks and the recent 
ease of access to genomic resource, it is high time to utilize genomic data in examining factors that 
shape the genetic diversity IWP marine organisms, especially since insights from these studies are 
being more appreciated for conservation applications (Sgrò et al., 2011; Beger et al., 2014; 
Hoffmann et al., 2015).  
The potential of genomic data to address a vast array of ecological and evolutionary 
questions, coupled with the reduced cost in its generation, has led to its increasing application 
(Andrews et al., 2016), including genomic surveys of several IWP marine taxa. While genomic data 
increases our power for historical inference (Luikart et al., 2003), it nonetheless enables us to 
examine contemporary drivers of genetic diversity, possibly giving insights about spatial predictors 
of adaptive variation (Nielsen et al., 2009; Manel et al., 2010). Unfortunately, even the more recent 
genomic studies are still chiefly focused on neutral processes (e.g., Tay et al. 2016; Hernawan et al. 
2017; Lal et al. 2017), leaving the spatial patterns of adaptive variation largely unexplored (but see 
Gaither et al. 2015, which investigate likely drivers of divergent selection between sister species of 
Acanthurus in the IWP). To fill in this gap, in the Chapter 4 of this thesis, I investigate the likely 
roles of present-day seascapes in shaping the distribution of genetic diversity of two reef fish 
species by examining putative adaptive variation and its spatial predictor across the Philippines’ 
seascape. 
 
Aims and Chapter Overviews 
The overall goal of this thesis is to investigate the processes shaping the distributions of 
tropical marine biodiversity by examining intraspecific genetic diversity of different tropical marine 
taxa from the Philippines – one of the most biodiverse marine regions in the world. Physical 
processes influencing biodiversity distributions however are scale-dependent, both spatially and 
temporally. Therefore, in the Chapter 2 of this thesis, I examine an IWP broad-scale genetic 
patterns of different marine organisms with the goal of testing the various predictions of the 
different “Center Hypotheses”, which implicitly embody the influence on genetic diversity of the 
following factors: habitat size, oceanographic currents and Pleistocene low sea-level stands. In 
Chapters 3 and 4, I focus on the fine-scale genetic patterns of two reef fish species in the 
Philippines, which is an exemplar system to examine the influence of the emergent landmass 
barriers during the Pleistocene and present-day seascape on the genetic diversity of tropical marine 
organisms. Specifically, in Chapter 3 of this thesis, I investigate the consequences of the 
Pleistocene low sea-level stands on the tropical marine taxa. While this topic has been a focus of 
previous phylogeographic studies (e.g., Gaither et al. 2011b), here, I leverage genomic data to 
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explicitly test different models representing likely effects of the low sea-level stands on past 
population sizes and population structuring of marine reef fish species sampled across the 
Philippines. Then, in Chapter 4, I examine the spatial patterns of genomic diversity of two reef fish 
across the Philippines, with the goal of finding signatures of local selection and identifying putative 
spatial predictors of adaptive variation. Finally, in Chapter 5, I summarize the findings from 
Chapters 2, 3 and 4, and relate how the different factors investigated in each chapter contribute to 
the present-day genetic diversity of tropical marine taxa. 
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Figures 
 
 
Figure 1.1. Geological reconstruction of South East Asia from Hall (2002). (a) 55 million years ago 
(Mya). The Indo-Pacific Gateway is proposed to restrict eastward dispersal of corals from Tethys to 
Pacific. In addition, the present-day Coral Triangle has yet to be formed during this period. (b) 40 
Mya. Many of the island arcs that constitute the present-day Coral Triangle had emerged.  (c) 25 
Mya. The Australian and other microcontinental plate accelerated northward movement, which 
resulted to regression of Indo-Pacific Gateway. Moreover, there is a westward movement of the 
Pacific plate. (d) Present-day South East Asia. The present-day Coral Triangle can be seen as a 
composite of island arcs and land masses of different origins. 
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Figure 1.2. Major oceanographic features in the Coral Triangle. Of particular interest are the North 
Equatorial Current (NEC), which bifurcates in the eastern seaboard of the Philippines, and 
Halmahera Eddy, which deflects the New Guinea Coastal Current (NGCC) to the east. Light shaded 
regions are areas below 120 m from the sea surface. These areas are exposed during Pleistocene low 
sea-level, resulting to partial isolation of some basin like Sulu Sea.  (ME = Mindanao Eddy; Hu et 
al., 2000; Voris, 2000; Gordon, 2005).  
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Figure 1.3. Conceptual illustration of evolutionary history as a tree. Here, biodiversity is depicted 
as a tree, which can be examined at various levels. Depicted here are intraspecific genetic diversity 
(red lines) that are overlayed on species diversity (grey). While analogous processes are acting on 
both level of genetic diversity (shown as extinctions and splits here), these two distinct levels offer 
different resolution of patterns of biodiversity, which enable us to examine processes at various 
temporal and spatial scales.  
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Figure 1.4. Simplistic schematic diagram of how different processes and factors influence spatial 
pattern of genetic diversity. Blue region covers neutral processes and influence on neutral loci, 
while red region covers non-neutral processes and influence non-neutral loci. Note that this is a very 
simple representation of processes influencing spatial pattern of genetic diversity. 
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Abstract 
Aim Several biogeographic hypotheses seek to explain the extreme species diversity of the coral 
reefs in the Coral Triangle (CT) of the Indo-West Pacific (IWP). Here, we investigate processes 
implicit to the Centre of Origin, Centre of Overlap and Centre of Survival hypotheses. We focus 
on intraspecific genetic data, where intraspecific diversity can provide information regarding 
directionality of past dispersal (gene flow) and changes in population size such as expansion from 
refugia.  
Location Indian Ocean, Coral Triangle and West Pacific Ocean. 
Methods We use existing mitochondrial DNA data augmented with new samples from the 
Philippines, thus filling in key sampling gaps from previous studies, to examine nine reef species. 
We first test if genetic diversity peaks in the CT. We then estimate gene flow between regions – CT 
vs Indian Ocean (IO) and CT vs Pacific Ocean (PO) – to assess concordance with predicted 
directions of movement (i.e. into the CT or out of the CT). Finally, we investigate the historical 
demography of these species and evaluate population expansions to ascertain whether genetic 
diversity is correlated with putative Pleistocene refugia.  
Results Genetic diversity in the CT was not greater than genetic diversity in the IO and PO, and we 
found highly variable spatial patterns of genetic diversity when species were evaluated individually.  
Gene flow estimates indicated very limited exchange between regions, consistent with peripheral 
isolation and/or signals of historical divergence. For some species, however, there were signals of 
movement out of the CT. While there was no significant correlation between genetic diversity and 
putative refugia, genetic patterns suggested that some populations have experienced population 
expansions. The locations of expansion were also variable across species. Overall, there was no 
signal of concordant processes shaping intraspecific genetic diversity. 
Main conclusions Genetic patterns across species were highly variable with some species lending 
weak support for processes aligned with each of the “Centre” of diversity hypotheses. But overall 
there was no compelling evidence for uniform processes underlying all species, which possibly 
indicate that processes underlying the different “Centre” have not strongly affected IWP species 
within the recent past.
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Introduction 
The Indo-West-Pacific (IWP) Ocean is the largest and the most species diverse marine 
region in the world. Across the IWP, a gradient of species diversity can be observed peaking at its 
centre in the Coral Triangle (CT) – a region bounded by the Philippines, the Malaysian Peninsula 
and the New Guinea (Veron et al., 2009; Tittensor et al., 2010). Due to the high concentration of 
shallow water marine species in the CT, this region is often described as the “apogee of marine 
biodiversity” with suggestions that the Philippines hosts the greatest species diversity within the CT 
(Carpenter & Springer, 2005). Yet, little is known about spatial genetic patterns across the whole 
IWP (Keyse et al., 2014) leading to evolutionary knowledge gaps that hinder the formulation of 
sound conservation strategies (Moritz, 2002).  
Several different and non-mutually exclusive hypotheses have been proposed to explain the 
extremely high species diversity in the CT (see Bellwood et al. 2012 and Bowen et al. 2013 for 
comprehensive reviews). Here, we focus on the leading biogeographic (examining species level 
diversity) and phylogeographic (focused on within species genetic diversity) hypotheses, which 
explain high CT species diversity as resulting from: (1) a high rate of diversification in the CT 
(Centre of Origin - Origin) (Briggs, 1999); (2) an amalgamation of divergent groups in the CT after 
the recession of the Indo-Pacific Barrier (Centre of Overlap - Overlap) (Woodland, 1983), 
highlighting the role of peripheral regions and isolated islands in generating biodiversity that 
accumulated in the centre; and (3) a CT refugial area leading to high survival of species during low 
sea-level stands (Centre of Survival - Survival) (Pellissier et al., 2014). These different hypotheses 
will be referred to as “Centre” hypotheses hereafter. In a recent synthesis of species level data, 
Cowman et al. (2013) found mixed support for the different hypotheses and suggested that the 
underlying processes behind the Origin, Overlap and Survival could have all contributed to the 
present-day species diversity. Delineating the relative contributions of these processes, however, 
remains a significant challenge for understanding the origins and maintenance of the IWP 
biodiversity.  
To date, most studies have focused on phylogenetic and species distribution data to test the 
predictions of the different “Centre” hypotheses. Examination of intraspecific genetic diversity, 
however, can provide further resolution to these insights (Bowen et al., 2016). In particular, 
intraspecific genetic data can reveal the directionality of gene flow (DiBattista et al., 2013), 
estimate the likely location of species’ origins (Crandall et al., 2014), and provide knowledge about 
species’ historical demography (e.g. changes in population size). Furthermore, some biogeographic 
predictions regarding species diversity can be applied to intraspecific genetic diversity due to 
parallel patterns produced by the analogous processes underlying species and genetic diversity (i.e. 
speciation, colonization, and extinction vs mutation, gene flow, and drift), which can result in 
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positive correlations between species-level diversity and intraspecific genetic variation (i.e. the 
Species Genetic Diversity Correlation; SGDC, Vellend, 2003).  
Explicit predictions for phylogeographic patterns across the IWP can be expected under the 
framework of the “Centre” hypotheses (Figure 2.1). Specifically, the CT should have higher 
intraspecific genetic diversity compared with the peripheral regions under all “Centre” hypotheses. 
Also, fulfilling SGDC expectations, under Origin, gene flow facilitates a net export of genetic 
diversity to the periphery from the CT, where genetic diversity is assumed to be concentrated 
(Figure 2.1b). Conversely, a net pattern of gene flow from the periphery to the CT is expected 
under Overlap, in which migration from the diverged Indian Ocean (IO) and Pacific Ocean (PO) 
populations into the CT result in admixture and high genetic diversity (Figure 2.1c). Although 
Survival has predictions similar to Origin (Figure 2.1d), population declines during low sea level 
stands could be followed by population expansions resulting into the following predictions for the 
Survival (Figure 2.1d): (a) signals of change in population sizes, and (b) contemporaneous 
coalescence in the genealogy, especially in peripheral regions where extreme bottlenecks are 
expected. Additionally, given the assumption that refugia during glacial cycles retain species 
diversity, and that under the SGDC genetic diversity will be correlated with species diversity, we 
can also expect a correlation between intraspecific genetic diversity and variables related to refugia, 
such as refugial area and isolation from refugia. 
Early IWP phylogeographic studies suggested a gradient of genetic diversity peaking at the 
CT (Palumbi, 1996; Duda & Palumbi, 1999; Benzie et al., 2002), as would be expected under the 
“Centre” hypotheses. Moreover, reports of lower genetic diversity in the peripheral Hawaiian 
populations for a number fish species (Gaither et al., 2011a) further points to predictions in line 
with the “Centre” hypotheses. Other lines of evidence, especially population structuring in the IWP, 
imply that processes underlying the “Centre” hypotheses as drivers of IWP intraspecific genetic 
diversity (Gaither & Rocha, 2013). For example, patterns of lineage diversification within the CT 
provide support for Origin (e.g. Stomatopod, Barber et al. 2011; anemonefish, Timm & Kochzius, 
2008; giant clam, Kochzius & Nuryanto, 2008). In contrast, the reported strong divergence between 
IO and PO populations gives evidence for Overlap (e.g. peacock grouper, Gaither et al., 2011b; 
blue sea star, Kochzius et al., 2009; soldierfish, Craig et al., 2007). And lastly, population 
expansions related to glacial cycles have been suggested for the humbug damselfish (Liu et al., 
2014), blue sea star (Otwoma & Kochzius, 2016), threadfin butterflyfish (DiBattista et al., 2015) 
and surgeonfish (DiBattista et al., 2016) consistent with processes related to Survival. Taken 
together, these studies suggest that processes underlying multiple “Centre” hypotheses shape the 
distribution of intraspecific genetic variation across the IWP.  
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The general lack of concordance between genetic diversity patterns among IWP species may 
be due to the idiosyncratic nature of demographic processes (Bowen et al., 2016) such that even 
closely related species exhibit varying evolutionary histories (Gaither et al., 2010) and species 
having similar life history traits give discordant genetic patterns (Liggins et al., 2016). Although 
previous studies suggest heterogeneity of local genetic diversity and have identified likely locations 
of genetic breaks across the IWP, to date, there is still no clear-cut spatial pattern of intraspecific 
genetic diversity across the IWP among co-distributed species, which can be due to many different 
factors. First, patchy sampling in the broad IWP (Keyse et al., 2014) can prevent comprehensive 
comparisons of intraspecific genetic diversity across different regions and possibly distort 
inferences regarding genetic divergence and other demographic processes (Crandall et al., 2014). 
Second, discordance among the analyses employed across different studies may lead to difficulties 
in comparing and interpreting results across species and may thus require a more systematic 
analysis of intraspecific genetic diversity for a given set of species. 
In this study, we revisit the main “Centre” hypotheses and test their predictions using 
intraspecific genetic data for nine coral reef species. Overall, we are interested in answering the 
following questions: (1) Which region (IO, CT and PO) has the highest genetic diversity?  (2) What 
are the general patterns of the directionality of gene flow across the IWP? (3) Do demographic 
histories suggest population expansions? (4) Does genetic diversity correlate with the putative area 
of Pleistocene refugia and distance from those refugia? In addressing these questions, we leverage 
pre-existing multispecies genetic data while filling in key sampling gaps of previous studies with 
new collections to compile one of the most comprehensive genetic dataset available for the IWP. 
Moreover, we explicitly control for sampling effort and species effects in comparing genetic 
diversity among regions and use coalescent analyses in estimating gene flow. Although 
multispecies data from fully overlapping sets of locations would provide stronger resolution to the 
aforementioned questions, amassing such data set across the vast area of the IWP is beyond the 
capacity of any single research group; the synthetic analyses we present, however, represent an 
advance beyond single species anecdotes of individual studies. 
 
Materials and Methods 
Data Set 
We used existing mitochondrial DNA (mtDNA) genetic data of nine reef species from the 
Diversity of Indo-Pacific Network (DIPNet: http://diversityindopacific.net/) database (Deck et al., 
2017) and augmented these data sets with new samples collected from the Philippines. Additional 
genetic data were sourced from the Barcode of Life and GenBank databases or were requested from 
other researchers (see Appendix S2.1 in Supporting Information). Species include Epinephelus 
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merra (Muths et al., 2015), Dascyllus aruanas (Liu et al., 2014), Cheilodipterus quinquelineatus 
(Hubert et al., 2012), Chaetodon auriga (DiBattista et al., 2015), Acanthurus nigrofuscus 
(DiBattista et al., 2013), Acanthurus nigricans  (DiBattista et al., 2016), Linckia laevigata (Crandall 
et al., 2014; Alcazar & Kochzius, 2016), Holuthuria atra (Skillings et al., 2010) and Acanthaster 
planci (Yasuda et al., 2015) (see Appendices S2.1 and S2.2 for the sample information). These 
species were selected primarily due to availability of mtDNA data across the IWP and not because 
of specific species attributes, which limited the taxonomic sampling to six reef fish species 
belonging to five families (Serranidae, Pomacentridae, Apogonidae, Chaetodontidae and 
Acanthuridae) and three Echinoderm species. For the new samples from the Philippines, mtDNA 
sequences aligning to existing genetic data were obtained following protocols from previous studies 
(see Appendix S2.1 and S2.3). We divided the IWP into three regions: IO, CT, and PO (Figure 
2.1a); and categorized each sampling site accordingly. We defined the CT following Veron et al. 
(2009), and areas outside the CT were defined as either IO or PO based on their location relative to 
the Indo-Pacific Barrier (IPB) (Figure 2.1a). 
 
Comparing Genetic Diversity across the IWP 
All the “Centre” hypotheses predict higher genetic diversity in the CT relative to IO and PO 
(Figure 2.1). To test this, we measured genetic diversity of each sampling site, and then tested for 
differences between regions. mtDNA diversity is usually represented as haplotype (H: based on 
haplotype frequencies) and nucleotide (π: incorporates base differences between haplotypes) 
diversities, which are measures of entropy that do not intuitively reflect what is being measured 
(Jost, 2006) and do not follow the “doubling” property (Hill, 1973), e.g. a twofold difference in 
diversity of two communities might not be reflected as a twofold difference when a measure of 
entropy is used. Thus, to measure genetic diversity in a more intuitive manner, we used the effective 
number equivalent of these measures, namely: effective number of haplotypes (Dhap) and 
Phylogenetic Diversity (PD) (Faith, 1992; Chao et al., 2010), which is analogous to π (Chao et al., 
2010). The effective numbers account for the sensitivity of the measure to frequency, reflected by 
the order q. Both H and π are second order measures (q = 2), which means that haplotypes with 
higher frequency contribute more to the measure of diversity. Here, we measured Dhap and PD with 
q equal to 0, 1 and 2, but we present the results of q = 1 since the pattern is generally the same for 
all orders (Hill, 1973). Dhap and PD were calculated for each sampling site of each species (see 
Appendix S2.3 for details).  
Differences in the diversity of the system and sampling effort can lead to bias – difference in 
sampling completeness (coverage) – when measuring diversity (Peet, 1974). To address this bias, 
values of Dhap were standardised to the same coverage (Chao et al., 2014). First, for each species, 
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the sampling site with the minimum coverage was determined, then the Dhap values for the other 
sampling sites were extrapolated/interpolated to the minimum coverage using 50 bootstrap 
replicates; the extrapolated/interpolated values were used as the measure of genetic diversity for a 
sampling site. However, coverage standardisation was only implemented with Dhap and not with PD 
due to unavailability of rarefaction for PD for q >= 1 (see Appendix S2.3 for details).  
To determine if the CT has higher genetic diversity than the two peripheral regions, we 
examined the differences in genetic diversity between regions and modelled them as “region effect” 
on Dhap and PD. In each linear model, Dhap or PD was used as the response variable. A log function 
was used to link the response variable to the explanatory variables, which included Region (with 
three levels: IO, CT, PO), Sample Size, and Species, which was designated as random effect with 
varying intercept because we assumed that the different species, inherently, can have different 
levels of genetic diversity. A General Linear Mixed Model (glmm) was then fitted to Dhap (with 
Normal distribution) and PD (with Gamma distribution) using a Bayesian approach with the stan 
sampler implemented using the ‘rstan’ (Stan, 2016) in R v3.3 (Ihaka & Gentleman, 1996). A similar 
approach, detailed in the Appendix S2.3, was implemented to examine the distribution of π across 
the IWP. 
 
Determining Directionality of Gene Flow 
The different “Centre” hypotheses have explicit, but differing, predictions about the 
directionality of gene flow (Figure 2.1). To test these predictions, we estimated the rate and 
direction of gene flow between regions in a pairwise manner (e.g. CT vs IO and CT vs PO) using 
the coalescent Isolation with Migration (IMa) model  (Nielsen & Wakeley, 2001; Hey & Nielsen, 
2007) as implemented in IMa2 and IMa2p packages (Sethuraman & Hey, 2016). A pairwise 
approach rather than a full model was implemented to circumvent the problem of giving an a priori 
historical scenario (e.g. population tree which corresponds to the hypotheses being testing). We 
initially pooled all the data by region for each species; but, this led to very large sample size 
differences between regions. Thus, prior to IMa analysis, we subsampled the data for each species 
by randomly selecting samples from each region making sure that the samples were spread across 
different sampling sites. Because ignoring within region population structure (by sampling a single 
population per region) can upwardly bias estimates of between region divergence times and 
downwardly bias gene flow estimates (Wakeley, 2000), we decided to sample across populations 
(within regions) so as to minimise a bias that would deflate gene flow estimates. Thus, our sampling 
procedure is conservative to result of negligible gene flow between oceans for most species. Using 
the subsampled dataset, we ran pairwise IMa models for each species (Appendix S2.4), from which 
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the posterior probability of the effective population migration (Nm parameter) was obtained and 
used as measure of gene flow to test the above predictions. 
 
Examination of Demographic History and Correlation with Refugia 
The Origin and Survival hypotheses have similar predictions in terms of genetic diversity 
and directionality of gene flow. One difference is that Survival is based on habitat extirpation 
followed by recolonization from refugia, which could lead to signals of population expansions 
following population bottlenecks.  Therefore, we predicted that there will be signals of population 
size changes especially in the peripheral IO and PO due to the recovery of population in these 
extirpated areas or expansions from founder effects during recolonization. We explicitly tested for 
changes in population size through time in each region for each species using an Extended Bayesian 
Skyline Plot (EBSP) analysis (Drummond et al., 2005; Heled & Drummond, 2008). The EBSP 
models the number of times the effective population size change through time while accounting for 
the stochasticity of the gene tree and DNA mutation. The EBSP analysis was implemented in the 
software BEAST 2 ver2.4.7 (Bouckaert et al., 2014) – see Appendix S2.3 for details.  
Because EBSP assumes panmixia, the population structuring within regions could possibly 
influence our test for population expansions within regions. While various sampling schemes can be 
employed (see Heller et al. 2013), they can introduce some biases (Grant, 2015; Heller et al. 2013). 
For example, pooling of all samples across different populations or using a single population can be 
biased towards detecting population bottleneck. The intermediate approach scattered sampling, 
which involves getting samples from each population, can also be biased, e.g., can overestimate the 
effective population size. These biases are also highly influenced by the demography of the 
populations (Heller et al. 2013). For example, the strength of bias introduced by these sampling 
schemes is highly affected by the magnitude of gene flow, which in most cases is a largely 
unknown parameter and very difficult to estimate with a single genetic marker. Thus, to test the 
prediction of population bottlenecks and expansions associated with low sea-level stands, we 
employed the local sampling scheme – that is for each region, we only used samples from a single 
sampling site with the largest number of samples. While this approach is highly biased towards 
population bottlenecks, it has a very low power to detect population expansions. Therefore, this 
approach is highly conservative for our hypothesis of recent population expansions. To further 
examine signals of expansions and bottlenecks, we calculated Tajima’s D (Tajima, 1989) and Fu’s 
Fs (Fu, 1997) for each sampling site, where negative values would be associated with population 
expansions.  
Following the Survival hypothesis, we predicted higher genetic diversity for Dhap and PD in 
the CT because of more extensive refugia available during low sea level stands. Additionally, we 
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also predicted that genetic diversity will be inversely correlated with distance from a refuge because 
of easier re-colonization of proximate habitats. We utilized the modelled past coral reef area 
(refugial area) and the distance of present reefs from these past reefs (isolation) provided in 
Pellissier et al. (2014) and extracted the values of these variables for each sampling site using 
‘rgdal’, ‘sp’ (Bivand et al., 2013) and ‘raster’ (Hijmans & van Etten, 2012) in R. To formally test 
for correlation between genetic diversity and refugial area and isolation, a glmm was fitted to the 
data with Dhap or PD as response variable linked to the explanatory variables composed of Refugia 
Area, Isolation, Sample Size and Species.  
 
Results 
Comparing Genetic Diversity across IWP 
In this study, we examined genetic patterns of nine different marine reef species: three 
echinoderms and six reef fishes. We found high variability in terms of genetic diversity (both Dhap 
and PD) across species (Figure 2.2). For Acanthaster planci, the mtDNA control region was 
analysed, and thus, it is not surprising to observe higher Dhap and PD compared with other species. 
Notable, however, is the relatively high genetic diversity for Linckia laevigata, which is second to 
A. planci in terms of Dhap and PD. We analysed a small fragment of COI for this species, but we 
were still able to get a relatively high Dhap and PD. In examining the genetic diversity, there 
appeared to be pronounced differences between geographic regions, which are more evident in Dhap 
than in PD (Figure 2.2). However, there was no concordance in the pattern of genetic differences 
across species. 
Under the different “Centre” hypotheses, higher genetic diversity in terms of Dhap and PD is 
predicted in the CT. Contrary to this expectation, however, we found no evidence indicative of 
higher genetic diversity in the CT than the IO and PO. The result of the glmm showed that the mean 
log Dhap in the CT is 1.33 and that the difference between the mean log Dhap between IO and CT is 
0.04 (-0.33 – 0.24, 95% High Density Interval – HDI) and PO and CT is -0.01 (-0.25 – 0.22, 95% 
HDI), both of which indicate no significant difference in terms of Dhap (Appendix S2.5). Similarly, 
no significant difference was observed for PD, with the CT having a mean log PD of 1.7 and the 
difference between the IO and CT is -0.07 (-0.24 – 0.1 95% HDI) and PO to CT is -0.01 (-0.15 – 
0.14 95% HDI) (Appendix S2.6). We examined the fit of our Dhap data with our glmm result and 
noted some extreme residual values for Dhap all of which belong to A. planci, which can partly be 
attributed to the high polymorphism in the mtDNA control region. Because of this, we reanalysed 
our Dhap data without A. planci. After the reanalysis, we still found no evidence for regional 
differences in Dhap. However, the log mean Dhap is slightly lower at 1.31 (representing the CT), and 
the peripheral regions had marginally higher Dhap than the CT with the IO and CT difference being 
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0.19 (-0.06 – 0.45 95% HDI) and the PO and CT difference as 0.21 (-0.03 – 0.45 95% HDI). Thus, 
rather than finding evidence for higher genetic diversity in the CT, we observed the opposite result 
where the peripheral regions IO and PO have higher genetic diversity, albeit not significant at 95% 
confidence threshold (Appendix S2.5). Similarly, examination of nucleotide diversity showed 
variable patterns across species (Appendix S2.7) with no significant difference between regions 
(Appendix S2.6). 
 
Directionality of Gene Flow 
We estimated gene flow between regions to test for the predictions of the different “Centre” 
hypotheses (Figure 2.1). Similar to the genetic diversity results, we found different and discordant 
patterns of gene flow across species. First, we found low estimates of gene flow between regions for 
most of the species studied, where many of the estimates did not significantly differ from a model 
without gene flow (Figure 2.3). Second, when qualitatively examining the posterior distributions of 
the gene flow, we found differing results across species and weak support for our predictions, with 
some unexpected outcomes. For example, A. planci exhibits an eastward pattern (from IO to CT and 
CT to PO), which is a mix of the expectations under Origin/Survival and Overlap.  Qualitatively, 
the estimates of gene flow for Holothuria atra and Acanthurus nigricans indicated more centre to 
periphery pattern, supporting the predictions of Origin, while that of the Dascyllus aruanus showed 
a periphery to centre (Figure 2.3), at least for the CT vs PO estimate, which partially supports 
Overlap (Table 2.1). Overall, the directionality of gene flow possibly indicates low gene flow 
between regions lending differing and weak support to the different “Centre” hypotheses. 
 
Demographic History and Correlation with Refugia 
We examined likely changes in effective population size through time and, similar to the genetic 
diversity and gene flow results, we found variable patterns across species (Appendix S2.8 and 
S2.9). In particular, EBSP analyses showed significant changes in population size for different 
species in different regions, which are dominated by population expansion in all regions (Appendix 
S2.8 and S2.9). For example, A. planci showed significant change in population size in the CT and 
not in the peripheral regions; C. quinquelineatus showed population size change in the peripheral 
regions and not in the CT; and E. merra exhibited significant changes within all three regions. 
Similarly, examination of the Tajima’s D and Fu’s Fs showed predominantly negative values of 
Tajima’s D across all species, particularly for the reef fishes (Appendix S2.10), which again 
indicates population expansions. We can expect previously extirpated habitat, e.g. areas away from 
CT, to be dominated by population expansion because it is highly likely that these areas 
experienced bottlenecks during low sea level stands and/or there are bottlenecks (possible founder 
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effect) associated with re-colonization of non-refugia area. However, qualitative examination of the 
spatial distribution of significant Tajima’s D values showed variable patterns across species, and 
there was no consistent region exhibiting negative Tajima’s D nor region consistently showing 
population expansion (Appendix S2.9 and S2.10). Additionally, we tested for correlation between 
the genetic diversity of a sampling site to the refugial area and isolation. However, we found no 
correlation between the genetic diversity, for Dhap and PD, and refugia area and isolation when the 
full data were analysed in a glmm framework (Appendix S2.11 and S2.12) or even with individual 
regressions for each species. Thus, although there is evidence of population expansion in many 
species, it is difficult to make robust inference about its possible relationship with refugia. 
 
Discussion 
We explicitly tested predictions from different “Centre” hypotheses using genetic data from 
nine coral reef species, with the goal of identifying concordant patterns across species indicative of 
common processes generating and maintaining biodiversity in the IWP. First, we predicted higher 
genetic diversity in the CT relative to the peripheral IO and PO. However, we found no evidence for 
this pattern. Rather, our results indicate marginally higher genetic diversity in the peripheral IO and 
PO. Second, we found minimal support for our predictions regarding the directionality of gene 
flow. Most of our gene flow estimates were zero, while non-zero estimates did not give consistent 
directionality. Third, we found signals of population size changes through time but with no regular 
patterns observed across species. While our findings are contrary to our expectations, our results 
highlight the complexity of processes shaping biodiversity in this region, and the challenges in 
interpreting diversity patterns across tropical marine species. These findings also emphasize that 
conclusions drawn from single IWP species are single realisations of highly variable evolutionary 
outcomes and say little about community-wide historical processes. We therefore provide important 
improvements to our current understanding of IWP biodiversity and discuss new perspectives on 
the implications for conservation efforts within this region. 
 
Absence of a Centre of Genetic Diversity and Low Gene Flow between Regions 
Despite the well-documented “bull’s eye” pattern of species diversity consistent across 
different taxonomic groups (Hoeksema, 2007), we did not find a gradient of genetic diversity across 
the IWP (Figure 2.2, Table 2.1, Appendices S2.5, S2.6 and S2.7). Rather, we found slightly higher 
genetic diversity at the periphery (when A. planci was removed). If processes within the CT, 
including basin isolation (McManus, 1985) and oceanographic barriers (Timm & Kochzius, 2008), 
result in population genetic structuring within the CT and hence, increased genetic diversification at 
the regional scale, then, it is possible that higher variance in genetic diversity caused by these 
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processes was not captured by one sampling location in the CT. However, some species with dense 
sampling in the CT, like L. laevigata and H. atra, also showed lower genetic diversity in the CT, 
suggesting that our results are not necessarily due to few sampling sites in the CT.  
Coalescent estimates of gene flow between regions revealed negligible gene flow for many 
species (Figure 2.3). Indeed, the observed low gene flow is consistent with previous reports of 
genetic isolation of peripheral populations including common parrotfish in Hawaii and Seychelles 
(Winters et al., 2010), bluestripe snapper in the Marquesas (Gaither et al., 2010), peacock grouper 
in the Western IO and French Polynesia (Gaither et al., 2011b), humbug damselfish in the Red Sea 
and Society Islands (Liu et al., 2014) and threadfin butterflyfish in the Red Sea and Hawaii 
(DiBattista et al., 2015). Additionally, observed low gene flow between CT and the peripheral 
regions is consistent with barriers in the CT (reviewed in Carpenter et al., 2010 and Gaither & 
Rocha, 2013). In summary, there is no apparent multispecies gradient in genetic diversity across the 
IWP, nor has gene flow been substantive or in a consistent direction in the recent past. 
 
Population Expansions and Lack of Correlation between Genetic Diversity and Refugia Locations 
Our EBSP results together with Tajima’s D indicate population expansions for most of the 
studied species (Appendix S2.9). Expansions were also suggested for honeycomb grouper (Muths 
et al., 2015), humbug damselfish (Liu et al., 2014), blue sea star (Otwoma & Kochzius, 2016), 
using mismatch distribution and/or Harpending’s R analyses, and for threadfin butterflyfish 
(DiBattista et al., 2015) and whitecheek surgeonfish (DiBattista et al., 2016) by directly estimating 
the time of expansions. Although the general signal for expansion can be taken as a support for 
Survival (Table 2.1), locations of population expansions are inconsistent across species. 
While fish species diversity is well predicted by refugial area and isolation (Pellissier et al., 
2014) and intraspecific divergence have been associated with refugial isolation (Drew et al., 2010), 
we did not find significant correlations between refugia and genetic diversity. The absence of 
correlations between genetic diversity and refugia is probably due to high gene flow within regions, 
such that colonizers to the extirpated habitats were likely to come from a diversity of source 
populations. Such patterns have been posited in stomatopods and corals that have recolonized 
Krakatau Island in the past 120 years and have genetic diversity similar to other CT populations 
(Barber et al., 2002; Starger et al., 2010). Thus, it is highly likely that the period since the last 
glacial maxima (~ 25Kya, Clark et al., 2009), and the possibility of multiple refugia within regions 
(Pellissier et al., 2014), has allowed recovery of local genetic diversity in areas affected by low sea 
level stands. 
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Implications for the Biogeography and Conservation of the IWP 
Previous IWP phylogeographic studies claim support for different “Centre” hypotheses. 
Here, we took the most comprehensive data available, filled in key sampling gaps, and performed 
standardised analyses across species. Yet, our results indicate conflicting evidence and low support 
for each “Centre” hypothesis (Table 2.1), with no concordance in genetic patterns in terms of 
amount of genetic diversity (Figure 2.2), directionality of gene flow (Figure 2.3) and demographic 
history (Appendix S2.9) among the species studied. The weak support for explicit predictions of 
the different “Centre” hypotheses observed here suggests that the processes underlying these 
hypotheses might not have been acting in the recent past – the timeframe captured by within species 
genetic data. Rather, they might have acted in a more distant past in generating the present species 
diversity of the IWP (for which these hypotheses were originally proposed). We acknowledge that 
inferential power is diminished by the non-uniform sampling locations across species. Nonetheless, 
it is highly unlikely that a spatially comprehensive co-sampled multispecies genetic data for the 
IWP will be under taken soon (see Keyse et al., 2014 for discussion of impediments). Thus, for 
now, our analyses represent the most comprehensive assessment of intraspecific expectations 
arising from the processes underlying the competing “Centre” hypotheses. With these caveats, our 
findings suggest that no single overriding process in the recent past has strongly shaped genetic 
diversity among co-distributed IWP species. 
While observing concordant genetic patterns in terrestrial organisms is common (Hewitt, 
2000), marine reef species seem to give diverse evolutionary outcomes to different physical or 
biological processes, which may lead to discordant genetic patterns frequently observed among 
natural populations (DiBattista et al., 2013). For example, in the CT, variable patterns of genetic 
differentiation are observed in different taxa, with some taxa showing no differentiation while those 
exhibiting differentiation show incongruent patterns (see Carpenter et al. 2010 for a review). 
Similarly, in the Hawaiian archipelago, there are discordant patterns in the distribution of genetic 
diversity, regional differentiation, and gene flow in some co-distributed limpets (Bird et al., 2007). 
In the Indian Ocean and Red Sea, spatial genetic diversity patterns and directionality of gene flow 
were also variable across seven species of reef fishes (DiBattista et al., 2013). Moreover, high 
variance among life history characteristics and reproductive strategies, or variance in demographic 
features (such as generation time and effective population sizes) among species may also lead to 
discordance in genetic diversity patterns. For example, the species considered in this study vary 
greatly in key life-history characteristics (e.g. PLD ranges from ~25 days for L. laevigata, 
Yamaguchi 1977 to 53 days for C. auriga, Brothers and Thresher 1985). Similar inconsistencies 
have been previously observed in other closely related species such as bluestripe snapper and 
blacktail snapper (Gaither et al., 2010) and scrawled butterflyfish and ornate butterflyfish 
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(DiBattista et al., 2012). While differences in life-history are likely to contribute to the variance in 
genetic patterns, species with similar life-history traits do not necessarily show similar genetic 
patterns, particularly genetic structuring (Liggins et al., 2016). Resolving how much of the 
variability in genetic patterns is attributable to life-history traits may be necessary to interpret subtle 
spatial concordance of genetic diversity in IWP species. 
Over the past decade, the CT has been the centre of conservation attention in the IWP due to 
the high risks to its extreme biodiversity (Burke et al., 2012).  Our result of apparent uniform 
genetic diversity and low gene flow between regions highlight the need to preserve peripheral 
regions, complementing the existing conservation efforts focused within the CT. However, the 
discordant genetic patterns observed here underscore caution in using global measures of genetic 
diversity, especially from single species, to guide conservation. Although intraspecific genetic data 
can help inform the delineation of management units by identifying areas of distinct or high genetic 
diversity and/or determining key processes that maintain genetic diversity (Moritz, 2002), without 
understanding causes of discordance might lead to key processes (e.g. physical processes driving 
diversification) being missed in conservation management. However, from this study and previous 
comparative phylogeographic studies (Carpenter et al., 2010; Toonen et al., 2011), it is apparent 
that to better understand species’ idiosyncrasies and thus inform conservation will require the 
following: (i) inclusion of broad arrays of taxa (n >> 9), (ii) wide spatial sampling coverage across 
the IWP, and (iii) use of multiple loci through genomic approaches, which will likely capture the 
inherent stochasticity in demographic history – a caveat .  
 
Conclusions 
Our study tested predictions of the different “Centre” hypotheses using within species 
genetic data from nine reef species. We found discordant patterns across species leading to no 
support for a single universal “Centre” hypothesis explaining biogeographic origins of marine 
biodiversity in the CT. Although we cannot reject the different “Centre” hypotheses in terms of 
generating species diversity, the processes suggested by the “Centre” hypotheses have not strongly 
affected IWP species within the recent past (e.g. Pleistocene to modern past). 
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Tables 
Table 2.1. Summary results for each species and their alignment with the predictions of the different “Centre” hypotheses. Major aims of this study are 
denoted by column number. For column 1, ✓ indicates higher genetic diversity in the CT than the peripheral IO and PO, consistent with the prediction 
of all “Centre” hypotheses. In column 2, the arrow (e.g. ) indicates the directionality of gene flow between regions, wherein IO  CT and CT 
IO indicates movement out of the CT and thus support for Origin/Survival, whereas IO CT and CT  PO indicates support for movement 
into the CT, and thus support for Overlap. Column 3 indicates evidence for population expansion ( ✓) under the EBSP and Tajima’s D analyses, 
consistent with the Survival hypotheses.  
Aim 1: Genetic Diversity Highest in 
CT? 
2: Patterns of Directionality of Gene 
Flow 
3: Demographic History Population 
Expansion? 
Species Dhap PD IO vs CT CT vs PO EBSP Tajima’s D 
Epinephelus merra     ✓ bc ✓ b 
Dascyllus aruanas  ✓  CT  POa   
Cheilodipterus 
quinquelineatus 
 ✓   ✓ c  
Chaetodon auriga     ✓ bc  
Acanthurus nigrofuscus ✓    ✓ bc ✓ c 
Acanthurus nigricans   IO  CTa CT  PO ✓ bc ✓ c 
Holothuria atra   IO  CTa CT  PO   
Linckia laevigata   IO  CTa   ✓ b 
Acanthaster planci ✓ ✓ IO CTa CT PO ✓ b ✓ c 
a see Figure 2.3 for caveats in the posterior distribution of gene flow estimate. 
b signal of expansion in the CT. 
c signal of expansion in the IO and/or PO.
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Figures 
 
 
Figure 2.1. Map of the Indo-West Pacific (a) and concept models for the “Centre” hypotheses: (b) Centre of Origin, (c) Centre of Overlap, and (d) 
Centre of Survival. In the map (a), the Coral Triangle (CT) is the red shaded region following the delineation of Veron et al. (2009). The dashed-line 
corresponds to the Indo-Pacific Barrier (IPB) during low sea level stands. The region west of the IPB and outside the CT is defined as the Indian Ocean 
(purple), and the region east of the IPB outside the CT is defined as the Pacific Ocean (orange). For the concept models, the colour of the branches 
indicates the region (population) and shows where the particular population diverged from. The size of the circles on top of the branches depicts the 
predicted relative genetic diversity; the arrows and their sizes show the direction and relative magnitude of the predicted gene flow under each 
hypothesis. For the (d) Centre of Survival, the thickening of branches indicates population expansion. 
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Figure 2.2. Measures of genetic diversity: (a) Effective number of haplotypes (Dhap) and (b) Phylogenetic Diversity (PD) for each species in each 
region. The circles represent the mean (dark shade) and standard deviation (light shade) of genetic diversity (Dhap and PD) in each region (x-axis) for 
each species (y-axis). Both the mean and standard deviation depicted in the figure are standardised within each species by the highest observed genetic 
diversity for the species. The colour of the circle corresponds to the region colour in Figure 2.1. On the left side of each plot is the average genetic 
diversity for each species and between the two plots are the sketches of the different study species.
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Figure 2.3. Posterior distributions of the migration rates (gene flow) from the pairwise Isolation 
with Migration models: (a) for the Indian Ocean and Coral Triangle and (b) for the Coral Triangle 
and Pacific Ocean. In each pair of regions, for each species, there are two plots of posterior 
distributions: (1) the periphery to centre gene flow (black-shaded) and (2) the centre to periphery 
gene flow (grey-shaded). The colours of the distribution also correspond to the colours of arrows in 
Figure 2.1. For each plot, the x-axis is the standardised gene flow obtained by dividing the gene 
flow with the maximum posterior value shown on the right end of each plot, and the y-axis is the 
posterior probability of the gene flow. The vertical bars correspond to the 75% high density 
interval. The †on top a bar indicates significance of the gene flow estimate from model with zero 
gene flow, while the letters signify high density intervals that exclude zero gene flow, with the 
following probability thresholds: a = 95%, b = 90%, c = 85%, d = 80% and e = 75%. 
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Chapter 3 – Shadows of past refugia from the murky sea: Genetic signatures of 
Pleistocene low sea-level stands in two reef fish species from the Philippines 
 
 
Abstract 
Habitat changes associated with past glacial cycles are known to influence spatial distributions of 
intraspecific genetic diversity. For shallow water tropical marine organisms, low sea-level stands may 
have caused habitat extirpations leading to population bottlenecks followed by expansions when 
habitat area increased at interglacial periods. Additionally, low sea-level stands would have caused 
the emergence of landmass barriers that presumably generated genetic divergence between 
populations of marine organisms. While previous phylogeographic studies have provided evidence 
for the above scenarios, most conclusions are based on mitochondrial DNA markers and summary 
statistics, e.g., 𝐹𝑠𝑡, that might be poor at resolving the relative contributions of divergence and gene 
flow. Here we examine the demographic histories of two reef fish species showing weak genetic 
structuring across the Philippines archipelago. Using genome-wide data and Approximate Bayesian 
Computation approach, we test the effect of low sea-level stands on past effective population sizes 
(𝑵𝒆) and gene flow of the cardinalfish Cheilodipterus quinquelineatus and the grouper Epinephelus 
merra. Specifically, we explicitly examine the support for competing demographic models 
representing different genetic effects of low sea-level stands on past 𝑵𝒆 and gene flow. We find strong 
support for population expansions from our two study species affirming previous suggestions from 
mtDNA data. Although we do not explicitly find strong support for bottlenecks preceding the 
expansions, cross-validation of our approach indicates that the lack of support is because the signals 
of genetic bottlenecks are overridden by expansions. In terms of past connectivity, we find strong 
support for secondary contact model indicating past population divergence followed by on-going 
gene flow. This result corroborates suggestions of past divergence based on divergent haplotypes that 
are homogenously distributed across space; while also offering an alternative view of apst isolation 
and recent high gene flow to previous association of low genetic differentiation to minimal effect of 
low sea-level stands. Overall, we found consistent evidence for the effect of low sea-level stand on 
past 𝑵𝒆 and gene flow highlighting the pervasive signatures of Pleistocene glacial cycles on genetic 
diversity of shallow water tropical marine organisms.  
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Introduction 
Recurring habitat changes during the glacial cycles of the Quaternary have greatly shaped 
present-day species distributions, while also leaving imprints on species’ intraspecific genetic 
diversity (Hewitt, 2000). In particular, the repeating cycles of glacial and interglacial periods have 
led to a series of population contractions, expansions, and likely mixing of previously isolated 
populations (Hewitt, 1996). Although ice cap formations are limited to the higher latitudes (Porter, 
1989), associated colder and drier conditions, and the sea-level regressions (Voris, 2000), have also 
significantly influenced tropical biodiversity (Hope et al., 2004). Because the environmental 
changes during glacial cycles could have affected both past habitat availability and population 
connectivity, those changes are potentially reflected in present-day within and between population 
genetic diversity of many different organisms across the globe. However, because ice cap 
formations are limited to the higher latitudes (Porter, 1989), there are suggestions that the effect of 
the glacial cycles are more pronounced in temperate than tropical organisms. For example, signals 
of population expansions are shown to be more evident in boreal mammals of the higher latitude 
North America than those of the tropical Amazonian Forest (Lessa et al., 2003). The perceived 
stronger influence on temperate organisms, however, can also be due to sampling bias arising from 
the concentration of studies examining the effect of glacial cycles in temperate areas (Beheregaray, 
2008). Understanding the full spectrum of the impacts of the Pleistocene glacial cycles therefore 
will require investigations in a variety of habitats and locations. 
Because present-day genetic diversity also reflects historical processes, ignoring this history 
can potentially mislead interpretations of contemporary processes on intraspecific genetic diversity 
(Epps & Keyghobadi, 2015), especially when the populations under consideration are yet to attain 
evolutionary equilibrium (Waples, 1998; Marko & Hart, 2011). Specifically, unaccounted historical 
influence could lead to spurious conclusions, particularly if inferences are based on correlations 
(Dyer et al., 2010). Importantly, because inferences based on contemporary processes are 
increasingly translated to practical applications (Hanson et al., 2017), there is a need to resolve the 
contributions of historical processes to present-day genetic diversity in order to generate more 
robust inferences regarding the influence of present-day landscapes (Dyer et al., 2010). Although 
there are a plethora of studies documenting the influence of glacial cycles on intraspecific genetic 
diversity, particularly in terrestrial systems (e.g., Maggs et al. 2008;Hewitt 2004; Ni et al. 2014), 
how these historical processes shaped the intraspecific genetic diversity of tropical marine species 
with little or no genetic structuring is not well documented (but see Bowen et al. 2016; Ludt and 
Rocha 2015 and Gaither and Rocha 2013 for reviews of marine taxa phylogeographic studies). 
Low sea-level stands associated with glacial cycles would have had a pronounced effect on 
suitable habitats (Ludt & Rocha, 2015) and population connectivity of coastal marine organisms 
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(Barber et al., 2000; Gaither & Rocha, 2013). In particular, rapid sea-level regressions, especially 
during the Last Glacial Maximum (LGM), probably resulted in extirpation of marine organisms 
from present-day shallow-water habitats (Lambeck & Chappell, 2001; Bennett & Provan, 2008). 
The reduction of habitat can then lead to population contractions likely leaving signals of 
population genetic bottlenecks (Maruyama & Fuerst, 1985). The subsequent post-LGM sea-level 
rise provided extensive shallow water habitat available for recolonization, which would lead to 
population expansions given the larger extent of present-day shallow marine habitats. Similarly, the 
low sea-level stands, especially those associated with glacial maxima, altered past connections 
between marine species’ populations. Specifically, emergent landmasses could act as barriers to 
marine species resulting in isolation of many different basins (McManus, 1985; Gaither & Rocha, 
2013; Dolby et al., 2016). Indeed, present-day genetic structuring in various marine taxa are 
attributed to population divergence between basins (i.e., refugia) (McGovern et al., 2010; Gaither & 
Rocha, 2013; Dolby et al., 2018). However, since many marine organisms have a high capacity for 
long distance dispersal, which can erode signals of historical divergence, a lack of spatial 
concordance between population structure and past landmass barriers can be expected. However, 
previous population isolation and subsequent connectivity can leave subtle but distinct genetic 
signatures such as the presence of divergent haplotypes or a general increase in within population 
genetic diversity (Alcala et al., 2013). Therefore, although present-day spatial divergence might not 
be apparent, some clues to past divergence may persist. 
While many marine phylogeographic studies have linked low sea-level stands with both 
demography and genetic structuring, most evidence to date is based on mitochondrial DNA 
(mtDNA) markers. If mtDNA does not evolve neutrally, then reliance on mtDNA can pose 
problems for most demographic analyses, which assume that genetic diversity is mainly driven by 
genetic drift and not by selection. However, several lines of evidence suggest that mtDNA is under 
selection (reviewed in Ballard and Whitlock 2004 and Galtier et al. 2009). Indeed, the discrepancy 
between the expected genetic diversity of nuclear and mtDNA markers suggests likely influence of 
selection. Because the effect of drift is expected to be inversely proportional to population size 
under neutrality, genetic diversity would be expected to be maintained in large populations and lost 
in small populations. However, the observed homogenous mtDNA diversity across taxa points to 
the influence of non-neutral processes (Bazin et al., 2006; Meiklejohn et al., 2007), where a 
reduction in genetic diversity due to hitchhiking during adaptive sweeps (genetic draft; Gillespie, 
2000) could be responsible for such patterns. Notably, because adaptive sweeps should be more 
prevalent to populations with large sizes (Gillespie, 1999), the diminished effect of genetic drift in 
reducing genetic diversity would be offset by the action of genetic draft in large populations, 
leading to a more pronounced deviation from neutral expectation for large populations. These 
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theoretical expectations suggest that caution is warranted when using mtDNA to make demographic 
inferences, especially in taxa with expected large population sizes – typical of many marine 
organisms.  
Due to the abundance of shallow-water habitat in South-East Asia (Pellissier et al., 2014), 
strong signatures of low sea level stands could be expected from marine taxa inhabiting the region 
encompassing the Coral Triangle. Indeed, examination of mtDNA-based genetic patterns are 
consistent with population expansions in different marine taxa. For example, estimates of changes 
in effective population size (𝑵𝒆) through time suggest previous decrease followed by a recent 
increase in 𝑵𝒆 in the gastropods Nerita albicilla and N. plicata (Crandall et al., 2008a); the sea stars 
Linckia laevigata and Protoreaster nodosus, together with their ectosymbionts Thyca crystalline 
and Periclimenes soror (Crandall et al., 2008b); and the rabbitfish Siganus fuscescens (Ravago-
Gotanco & Juinio-Meñez, 2010). While there is high variability in expansion time estimates (e.g., 
from 75 Kya for Siganus fuscescens to 500 Kya for Linckia laevigata), these expansions are 
typically contemporaneous with the Pleistocene low sea level stands. Similarly, using summary 
statistics such as Tajima’s D and Fu’s Fs or examination of the distribution of pairwise genetic 
differences in mtDNA regions, population expansions are suggested for Coral Triangle populations 
of the surgeonfish Acanthurus japonicus (DiBattista et al., 2016) and the fusilier Caesio cuning 
(Ackiss et al., 2013). Whereas the effect of low sea-level stands to 𝑵𝒆seems variable across species 
(Matias & Riginos, 2018), there are consistent signals of expansions from different species across 
the tropical Indo-West Pacific region (IWP). 
Matching the variability regarding inferred expansions, mtDNA surveys show variable 
phylogeographic concordance with historically isolated basins, with dispersal abilities possibly 
modulating the strength of associations. For example, population structuring concordant to the Indo-
Pacific Barrier (IPB), the landmass presumed to have separated the Indian Ocean and Pacific Ocean 
during glacial maxima, is evident in several marine taxa (reviewed in Gaither and Rocha 2013). 
Similarly, genetic differentiation conforming to small basins within the Coral Triangle has also been 
posited for different marine taxa such as the mantis shrimp Haptosquilla pulchella (Barber et al., 
2000). However, because present-day oceanographic processes in the IWP can facilitate dispersal 
for many marine organisms (Treml et al., 2015), a basin isolation pattern of genetic structuring 
might not be evident. As an example, examination of mtDNA genetic diversity shows divergent 
clades that are spatially widespread in marine taxa such as unicornfish Naso vlamingii (Klanten et 
al., 2007) and Naso brevirostris (Horne et al., 2008); and anemonefish Amphiprion ocellaris (Timm 
& Kochzius, 2008). Lastly, an overall weak population structuring such that divergent haplotypes 
are not observed lead to suggestions of minimal effects on past connectivity in some IWP marine 
organisms (e.g., Lutjanus kasmira and L. fulvus Gaither et al. 2010; deep-water taxon 
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Pristipomoides filamentosus Gaither et al. 2011). In summary, a spectrum of outcomes from low 
sea-level stands has been put forward by previous phylogeographic studies across the IWP. Yet, to 
date, explicit testing of these competing likely outcomes receives little attention. Because using a 
single locus, especially mtDNA, will lead to difficulties in resolving these distinct possible 
scenarios (Knowles & Maddison, 2002; but see Crandall et al. 2019), model-based approaches 
combined with multi-locus loci data allow these hypotheses to be tested with greater power (Luikart 
et al., 2003). Therefore, the recent ease of access to genome-wide data coupled with explicit model 
testing can significantly contribute to a better understanding of the influence of Pleistocene glacial 
cycles on tropical IWP marine species. 
In this study, we examine the influence of low sea-level stands on present-day genetic 
patterns of two reef fish species from the Philippines, the apex of the Coral Triangle notably 
affected by Pleistocene sea-level regressions (McManus, 1985; Voris, 2000). Using genome-wide 
genetic data, we compare different demographic models to explicitly test the possible consequences 
of low sea-level stands (1) on population size (demographic effect) with the expectation that 
populations experienced bottlenecks and then expansions, and (2) on the isolation of populations 
(genetic structuring effect) predicting that present-day populations in different basins will exhibit 
signals of past divergence. Additionally, because marine organisms can have high 𝑁𝑒 and high 
dispersal capacity (traits that can potentially override signals of past divergence), we use 
simulations to examine (3) genetic signatures of past divergence with recent gene flow and contrast 
them with the other models, specifically panmixia. Although phylogeographic studies in the past 
two decades have given extensive insights regarding effects of low sea-level stands on IWP marine 
biodiversity, our study based on genome-wide genetic data complements these previous findings 
and furthers our understanding of the likely roles of low sea-level stands in the generation of genetic 
diversity of shallow water marine organisms of the IWP. 
 
Methods 
Sample Collection and Estimation of Suitable Habitat 
In this study, we examined the genetic patterns of two reef fish species from different areas 
in the Philippines (Figure 3.1a), encompassing regions presumed to have been isolated during low 
sea-level stands (McManus, 1985). We focused on the honeycomb grouper Epinephelus merra and 
five-lined cardinalfish Cheilodipterus quinquelineatus to capture the spectrum of dispersal capacity 
that can be expected based on reproductive strategy. Specifically, the mouth-brooding behaviour of 
the cardinalfish likely limits its dispersal capacity; in contrast, groupers broadcast gametes during 
collective spawning events allowing for more passive dispersal. All samples were collected using 
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either hook and line, spear-fishing or were provided by local fishers. Fin clips or small muscle 
tissue pieces were preserved with absolute ethanol. 
Because our predictions of population bottlenecks and expansions are contingent with 
habitat changes during the Pleistocene low sea-level stands, we assessed how the suitable habitat of 
our study species changed during low sea-level stands to reinforce our predictions. We used two 
naïve proxies in estimating the suitable habitat of our two species. First is the number of cells (i.e., 
area of ocean surface) that has depth of 0 – 50 m, which is the known depth extent of our two study 
species (Figure 3.1b). The second one is the number of cells with depth of 0 – 200 m. The second 
depth range included the depth extent of shallow-reef corals, which are habitat of our two study 
species (Figure 3.1c). The areas of these two proxies were estimated at three different sea-level 
change scenarios. One scenario is the 0 m or no change in sea-level, which represent the present-
day suitable habitat area. The second scenario is 40 m decrease in sea-level, representing the 40 m 
regressions, which is the suggested sea-level for most of the 250Kya. The third scenario is the 120 
m reduction in sea-level, which is the maximum recession. In estimating the habitat, we utilized the 
bathymetry layer from Sbrocco and Barber (2013) and measured the habitats as the number of grid 
cells (~ 1 km2) with 50 km2 from our sampling site that are in a particular depth range (0 – 50 m and 
0 – 200 m). Because most of our sampling sites would have been inland for the 40 m and 120 m 
sea-level (i.e., during low sea-level stands), we used the cell ocean cell during these periods nearest 
to our sampling site as the center of the circle when estimating past habitats. All analyses for the 
habitats were performed using the ‘raster’ (Hijmans & van Etten, 2012) and ‘gdistance’ packages in 
R. 
 
Laboratory Protocols 
We used double digest restriction-site associated DNA sequencing (RAD-seq) following 
protocols from Peterson et al. (2012). In brief, we first extracted DNA from tissue samples using 
OMEGA E-Z 96 Tissue DNA Kit (Omega Biotek, GA, USA), which were quantified using Quant‐
It PicoGreen dsDNA quantification kit (Thermo Fisher), and subsequently normalized to 40 ng/µL. 
From these extracts, a total of 200 ng of DNA per fish was digested with Sph1-HF and EcoR1-HF 
enzymes (New Englands Biolabs Inc). The digested DNAs were immediately ligated with barcoded 
adapters from Peterson et al. (2012). We used total of 48 unique barcodes, which were later 
combined with different Illumina indices allowing us to multiplex 96 individuals in one sequencing 
lane. Individual barcoded-DNA-libraries were cleaned and pooled using Epoch Econospin filter 
columns, with each pool comprised of 24 uniquely barcoded samples (e.g., barcoded DNA of these 
24 samples were passed through the same filter column). Pooled DNA libraries were resuspended to 
40 µL 10 µM Tris-HCl buffer and subsequently size selected for fragments of 420 to 800 bp using 
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Pippin Prep (Sage Science). The size selected DNA libraries were enriched via 12 cycles of 
Polymerase Chain Reaction (PCR) using Phusion-HF DNA Polymerase (New England Biolabs). 
During the PCR, each pool of DNA libraries was labelled with unique Illumina indices (reverse 
primer of the PCR), wherein we used four different indices for each sequencing lane. The final 
DNA pools were further bead cleaned using 2.5x volume of PCRClean DX (Aline Biosciences) and 
were size selected for 470 to 900 bp fragments. The DNA libraries were sequenced with 150 bp 
pair-end reads using Illumina HighSeq X platform by AnnoRoad Gene Technology (Beijing China). 
A total of 100 E. merra and 122 C. quiquelineatus were sequenced in this study. 
 
Genomic Data Preparation 
The quality of reads was checked using fastQC v0.11.4 and likely contamination was 
examined with fastq screen v0.11.3 by mapping a random sample of 100000 reads against common 
contaminants including mammalian genomes (human and mouse), vectors, and Escherichia coli 
genome. Prior to assembly, reads were filtered by quality using bbmap (Bushnell, 2014), while also 
removing likely contaminants and mitochondrial DNA reads (Miya et al., 2013; Matias & 
Hereward, 2018). Using the filtered reads, we performed a single end de novo assembly following 
the dDocent pipeline (Puritz et al., 2014).  In brief, we generated a de novo reference for each 
species by first selecting unique reads that have a minimum frequency of 8 from the pool of all 
reads. These reads were further filtered by selecting reads that were present in at least 8 samples. 
The resulting reads were clustered using CD-HIT v4.7 (Fu et al., 2012) with a threshold of 0.85, 
while modifying the k-mer to 11, the optimal k-mer in clustering 150 bp sequences to generate the 
reference. To call for variants, the reads of each samples were mapped and aligned to the de novo 
assembled reference using BWA v0.7.17 (Li & Durbin, 2009) and subsequently converted and 
sorted for variant calling using samtools v1.7 (Li et al., 2009). Variants were called using Freebayes 
v1.1.0 (Garrison & Marth, 2012) and were stored in a VCF file. 
 
Selection of Variants  
We first trimmed down the variants in the resulting VCF file by selecting Single Nucleotide 
Polymorphisms (SNPs) that are biallelic, with depth (DP) greater than or equal to 15 and genotyped 
in more than 90% of the total number of samples. Additionally, we removed individuals that were 
not well genotyped or had low overall DP – that is with genotype success below 80% across SNPs. 
To remove probable multicopy loci and SNPs reflecting sequencing errors, the resulting variants 
were filtered using custom Rscripts based on the following criteria: minor allele frequency (MAF), 
allele balance, Hardy-Weinberg Equilibrium (HWE), and outlier tests.  In particular, we only 
retained SNPs that had an overall MAF of > 5%. (Benestan et al., 2015) Next, we removed SNPs 
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with allele balance <= 0.25 or >= 0.75, where allele balance is the ratio of the read counts of the 
alternate allele and total read count in a sample for a particular SNP (Krumm et al., 2015). 
Furthermore, we only selected SNPs that are in HWE, which was determined by an exact test based 
on Monte Carlo permutations of alleles as implemented in the R package ‘pegas’ (Paradis, 2010).  
Lastly, because selection can result in genetic patterns similar to a population bottleneck or 
expansion and that selection can inflate genetic structuring between populations, we also removed 
putative outlier SNPs. The outliers were identified in either BayeScan v2.1 (Foll & Gaggiotti, 
2008), a method that models the differentiation of present-day populations from an ancestral 
population as a function of a population-specific and locus-specific (selection) differentiation, or 
OutFlank (Whitlock & Lotterhos, 2015), which  is a conservative approach that identifies outlier as 
loci exhibiting extreme 𝐹𝑠𝑡relative to a 𝜒
2-distribution derived from the core  𝐹𝑠𝑡 distribution of all 
loci. Because OutFlank is based on the distribution of pairwise 𝐹𝑠𝑡 and that physical linkage 
between SNPs in the same RAD-locus can affect these, we randomly sampled a SNP from each 
RAD-locus, which was then used in the OutFlank analysis. But also due to this physical linkage, we 
subsequently removed the whole RAD-locus containing an identified outlier SNP in our 
downstream analyses.  
 
Assembly of Haplotypes 
In performing our downstream demographic analyses, we employed an Approximate 
Bayesian Computation (ABC) approach, a flexible method for comparing genetic demographic 
models (Beaumont, 2010; Bertorelle et al., 2010). Additionally, since our analyses involve non-
equilibrium models and because the typical procedure of fixing the number of segregating sites in 
coalescent simulations can lead to inaccurate outcomes (Ramos-Onsins et al., 2007), we utilized 
RAD-locus microhaplotypes. For example, in a bottleneck scenario the genealogy is expected to be 
short because the most recent common ancestor (MRCA) is likely to be found on the time of 
bottleneck. In this case, mutations are expected to be less likely in the short branches and more 
likely in longer branches. Thus, sampling a very short genealogy where the MRCA is recent should 
result in non-polymorphic locus. However, fixing the number of mutations, say one mutation for a 
biallelic SNP, would lead to bias in genealogies in a way that mutations are forced in the short 
branches leading to a short genealogy with mutations. Therefore, giving a fixed number of 
mutations can lead to biased simulations.  
To assemble the microhaplotypes, we used rad_haplotyper (Willis et al., 2017) on our 
filtered VCF file together with the read alignments (BAM files). Haplotypes were determined by 
sampling reads from the alignment and discarding sampled haplotypes that were not likely to give 
the observed allele frequencies of SNPs in the VCF file. Because ploidy yields the expected number 
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of haplotypes, the method also filters out likely multi-copy RAD-locus. For our ABC analyses 
however, we only utilized 750 RAD-loci for our analyses due to the high computational 
requirement of ABC. Specifically, we selected loci that showed the least linkage disequilibria, 
which was estimated using the correlation 𝑟2 of the allele frequencies between two loci (Hill & 
Robertson, 1968) as implemented in R package ‘genetics’ (Warnes & Leisch, 2005). The selected 
haplotypes were then formatted to fit the modified ABC pipeline of Roux et al. (2016) using custom 
R scripts. 
 
Testing for Signatures of Low Sea Level Stands on Population Size 
While regional variation ocean depth and topography certainly can result in differences the 
effects of low sea-level stands (Pellissier et al., 2014), in areas where refugia are likely available, 
one of the likely effects of low sea-level stands is the reduction in suitable habitat, which could 
possibly lead to a decrease in 𝑵𝒆, and hence, signals of population genetic bottlenecks. The 
subsequent sea-level rise is presumed to result in increase in suitable habitat, and thus a likely 
increase in 𝑵𝒆 leading to signals of population expansions. Taken together, reef fish species should 
therefore exhibit genetic signals of population bottlenecks followed by expansions. Yet, because of 
the variability in duration and effect of low sea level stands, a spectrum of demographic outcomes 
can be expected (see Figure 3.2a). For example, the most extreme effect of low sea level stand 
(extreme bottleneck; bottleneck model Figure 3.2a) can be expected during periods when sea level 
was 120 m lower than the present-day level. This period of low sea-level stand, however, was short 
and suggested to comprise less than 10% of the past 250K years (Voris, 2000).  The likely decrease 
in suitable habitat was less during the periods when sea level was 40 m lower than the present-day 
sea level, but the longer duration (> 50% of the past 250K years) together with the influence of 
extreme low sea level stand could possibly result in bottlenecks. We tested for the influence of low 
sea-level stands on past demography of reef fish species by comparing these different models 
alongside a model with constant 𝑵𝒆 (see Figure2a). In particular, we associated the constant 𝑵𝒆 
model to low sea-level stand having no effect on demography, the expansion and bottleneck + 
expansion models to moderate effect, and the bottleneck model represents the extreme effect on 
demography. 
Using the microhaplotype data for our two species, we explicitly tested these models using a 
modified ABC approach from Roux et al. (2016). Because we were interested in a local effect of 
low sea-level stands and not with species-wide inference, we performed a per-location analysis 
leading to a total of 16 ABC analyses for the two species (see Figure 3.2 for model parameters 
details). We used the following parameters in the simulations for our ABC analyses: a reference 
𝑵𝒆(𝑵𝒓𝒆𝒇) drawn from 𝑵𝒓𝒆𝒇~ 𝑼(𝟏𝟎𝟎 − 𝟐𝟎𝟎, 𝟎𝟎𝟎); the 𝑵𝒆 before the bottleneck (𝑵𝒑𝒃) obtained by 
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multiplying 𝑵𝒓𝒆𝒇 with a population size modifier (𝒑𝒔𝒎𝒃𝒐𝒕) drawn from 𝒑𝒔𝒎𝒃𝒐𝒕~ 𝑼(𝟏. 𝟓, 𝟐𝟎); the 
time of bottleneck drawn from 𝒕𝒃𝒐𝒕~ 𝑼(𝟕, 𝟓𝟎𝟎 − 𝟓𝟎𝟎, 𝟎𝟎𝟎), and the time of expansion from 
𝒕𝒆𝒙𝒑~ 𝑼(𝟓𝟎 − 𝟕, 𝟓𝟎𝟎). For models with population expansions, we let the population expand with 
a growth rate (𝒈𝒓𝒆𝒙𝒑) calculated by𝒈𝒓𝒆𝒙𝒑 =  
−𝒍𝒏(𝑵𝒓𝒆𝒇/𝑵𝒑𝒅)
𝒕𝒆𝒙𝒑/𝑵𝒓𝒆𝒇
, where 𝑵𝒑𝒅 is the present-day 𝑵𝒆 
obtained by multiplying 𝑵𝒓𝒆𝒇 with 𝒑𝒔𝒎𝒆𝒙𝒑 drawn from 𝒑𝒔𝒎𝒆𝒙𝒑~ 𝑼(𝟏. 𝟓, 𝟐𝟎). The 𝒕𝒃𝒐𝒕 was 
constrained from 15K generations to 500K generation; while the 𝒕𝒆𝒙𝒑 from 50 to 15K generations to 
capture the expansion post LGM. Note that all time parameters are in unit generation. 
For each ABC analysis, we performed 100,000 simulations for each model, with each 
simulation composed of DNA sequences for L number of loci (i.e., the number of loci used for each 
species) with 𝑛𝐿 number of sampled haplotypes (equal to 2 x number of samples in a site). We 
performed the simulations using msnsam (Hudson, 2002; Ross-Ibarra et al., 2008), which is a 
modified version of ms that allows different sample size across loci for each population. The 
parameter values were drawn from a prior distribution (detailed in Figure 3.2) using a custom R 
script. All the genetic data (simulated and empirical) were summarized using statistics that capture 
signals in changes in demography. These included the mean and standard deviations of the 
following statistics: number of nucleotide diversity, Watterson’s Theta and Tajima’s D, which were 
all calculated using the program ‘mscalc’ 
(https://github.com/popgenomics/popPhylABC/tree/master/mscalc). 
We examined the support for each genetic model (model selection) by undertaking a 
categorical regression (Beaumont, 2008) on the model indices and summary statistics of the 
posterior samples selected by applying a threshold of 0.01 – equivalent to the 4000 simulated data 
closest to the observed genetic data. A regression-based method was used to estimate the posterior 
probabilities of the different models rather than a simple rejection because of its better performance 
especially when dealing with highly dimensional summary statistics (Beaumont, 2008).  All the 
procedures for model selection were implemented using the R package ‘abc’ v 2.1 (Csilléry et al., 
2012) while utilizing the neural network algorithm from the R package ‘nnet’ v7.3.12 (Venables & 
Ripley, 2013) in performing the regressions. Posterior probabilities of each model from regressions 
were obtained from 20 trained neural networks with 15 hidden layers while weighing the posterior 
samples by an Epanechnikov kernel, leading to weights that were inversely proportional with the 
distance from the observed genetic data.  
 
Testing for Signatures of Low Sea Level Stands on Genetic Structuring 
Emergent barriers during low sea-level stands are presumed to have isolated different basins 
in the Philippines (denoted as colours of sampling locations in Figure 3.1a). To test these likely 
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isolations, we explicitly compared different likely outcomes of low sea-level stands on present-day 
population structure between basins, where genetic structuring between basins can be represented as 
a spectrum of genetic outcomes (see Figure 3.3a). At one extreme is a model of complete 
divergence since the most recent low sea-level stand; and on the opposite end is panmixia, where 
there was no discernible historical disjunction. In between is a secondary contact model, which 
entails gene flow between the two populations after a period of divergence.  
We performed a similar ABC approach described above to explicitly test the different 
genetic structure models (Figure 3.3a). In particular, we performed a pairwise-location analysis 
while utilizing the summary statistics employed by Roux et al. (2016), which include statistics that 
capture local genetic diversity and divergence between populations. We used the following 
parameters in simulating genetic data for the models in (Figure 3.3a): effective population sizes of 
the present-day (𝑵𝒆𝟏 and 𝑵𝒆𝟐) and ancestral (𝑵𝒂𝒏𝒄) populations drawn from 𝑵𝒆~ 𝑼(𝟏𝟎𝟎 −
𝟐𝟎𝟎, 𝟎𝟎𝟎);  the time of divergence (𝒕𝒅𝒊𝒗) drawn from 𝒕𝒅𝒊𝒗~ 𝑼(𝟏𝟎 − 𝟓𝟎𝟎, 𝟎𝟎𝟎), which represents 
the broad period of Pleistocene; the time of secondary contact (𝒕𝒔𝒄) drawn from 𝒕𝒔𝒄~ 𝑼(𝟏𝟎 −
𝟏𝟓, 𝟎𝟎𝟎), mimicking population connectivity post LGM; the migration rates (𝒎𝟏𝟐 and 𝒎𝟐𝟏) drawn 
from 𝒎~ 𝑼(𝟎. 𝟎𝟎𝟎𝟎𝟎𝟏 − 𝟎. 𝟏), which was later scaled to effective migration by 4𝑵𝒓𝒆𝒇𝒎. Overall, 
we performed 36 ABC analyses for C. quiquelineatus and 21 for E. merra. These analyses included 
a total of 13 within basin comparisons and 44 between basin comparisons. We expected between 
basin comparisons to be influenced by low sea-level stands and hence fit a secondary contact 
model; while we predicted that within basin comparisons to be concordant with the panmixia 
model. 
 
Model Selection Cross Validations 
To examine the power of our model selection and ABC approach in distinguishing the 
different models, we performed a cross-validation analysis by simulating an additional 1000 data 
points for each model to serve as pseudo-observed data (PODs). We then examined if the PODs 
were correctly classified by the similar model selection procedure described above – a simple 
rejection method was used whenever all posterior samples belong to the same model. Using the 
results of model selection of the PODs, we examined the rate by which our approach correctly 
supports the “true model identity” of the PODs (precision) and the rate of by which wrong models 
are supported (misclassification or error). From this validation, we also examined the minimum 
threshold for model probability that gave a robustness of 0.95 (Roux et al., 2016) – a 95% 
probability to correctly support a model given that its posterior probability is higher than the 
threshold. We then used this minimum probability to evaluate if the estimated posterior probability 
of the best model in each ABC analyses was robust. 
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Parameter Estimation: Time of Expansion, Divergence and Recent Gene Flow 
We estimated the parameters of the best supported model for each of the ABC analyses 
described above (16 analyses for the effect on population size and 57 pairwise analyses for the 
effect on genetic structuring). In estimating the parameters, a 0.01 tolerance was applied in selecting 
the posterior samples (i.e., equivalent to 1, 000 posterior samples). A similar neural network 
algorithm was performed on the log-transformed summary statistics and parameters of these 
posterior samples to obtain the posterior distribution of the parameters. 
 
Examination of Roles of Migration and Divergence Time 
Because the present-day gene flow between basins in the Philippines can erode signals of 
previous divergence resulting in low differentiation and apparent panmixia, we investigated whether 
we could distinguish a present-day population with low genetic differentiation as resulting from 
secondary contact vs panmixia. In this case, panmixia could be a result of either the present-day 
populations not experiencing isolation at all vs the different populations having recently originated 
from the same population (i.e., colonization from a single refuge). Although the cross-validation 
described above examined the power of our approach to distinguish our different models, the PODs 
generated for the different model were simulated under different parameters. Here, we applied 
similar parameters across the different models and examined the variability in the genetic signatures 
of the different models. 
To distinguish the two scenarios described above, we performed additional simulations for 
each model shown in Figure 3.3a and compared the resulting summary statistics from these 
different scenarios. Specifically, we generated 20, 000 simulations for each of the following 
models: panmixia; secondary contact with 10 different migration rates and 10 different 𝒕𝒅𝒊𝒗; and 
divergence with 11 different 𝒕𝒅𝒊𝒗 (see Figure 3.4 for details). For this set of simulations, we fixed 
the total 𝑵𝒆 to 50, 000 leading to a 𝑵𝒆 of 25, 000 for two-population model and 50, 000 for the 
panmixia model. Additionally, for the secondary contact with varying migration rates, we set the 
divergence time to the extreme value of 500Kya, while keeping the number of migrants at 2, 500 
per generation for the varying divergence times. For all the secondary contact simulations, we fixed 
the time of secondary contact at 15Kya, which mimics the start of sea level rise post LGM (Siddall 
et al., 2003; Clark et al., 2009). We sampled 30 diploid individuals per population and summarized 
their genetic data using the same set of summary statistics as the ABC analyses. A Principal 
Component Analysis (PCA) was performed on the summary statistics to investigate the differences 
in genetic signatures of the different models.  
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Results 
Summary of Genetic Data 
Approximately 336 million (M) reads were recovered for Cheilodipterus quinquelineatus 
(mean = 2.7 M reads; standard deviation = 1.5 M reads), while 334 M for Epinephelus merra (3.3 
M reads; standard deviation = 2.0 M reads). Matching with the genomes of human, mouse, 
zebrafish, yeast, Escherichia coli, and vectors indicated minimal amount of contamination, with < 
0.5 % of them matching with each genome. Using the above reads for de novo assembly resulted in 
a reference with a total of 134, 065 loci (unique reads or contigs) for C. quinquelineatus and of 92, 
101 loci for E. merra. Of these loci in the references, a total of 121, 595 variants distributed across 
17, 170 reference loci were successfully identified in C. quinquelineatus. For E. merra, there were a 
total of 115, 772 variants in 17, 033 loci called. Removing variants that were genotyped in less than 
90% of the samples and discarding samples that were genotyped in less 80% of the SNPs resulted in 
the removal of 3 samples of C. quinquelineatus and 8 samples of E. merra, while leaving a total of 
7, 124 loci with 31, 864 SNPs for C. quinquelineatus and 7, 728 loci for E. merra with 39, 483 
SNPs. Further filtering for MAF, allele balance and HWE reduced the number of loci for C. 
quinquelineatus to 2, 746 with 7, 667 SNPs, while 3, 640 loci with 12, 833 SNPs in E. merra. 
Lastly, the removal of putative outlier based on BayeScan and OutFlank yielded a total of 2, 733 
loci for C. quinquelineatus (55 SNPs from BayeScan and 94 SNPs from OutFlank) and 3, 632 loci 
for E. merra (11 SNPs from BayeScan and 9 SNPs from OutFlank). 
 
Decrease in Suitable Habitats 
Using depth information as proxy habitat, we estimated two types of likely suitable habitats, 
namely: 0 - 50 m depth (Figure 3.1b), which is the suggested depth range of our two study species, 
and 0 - 200 m habitat (Figure 3.1c), which is the penetration range of light, and hence the likely 
extent of the shallow coral reef habitat of the two study species. Applying a 40 m decrease in sea 
level, which is the suggested dominant decrease in sea level throughout the last 250 Kya (Voris, 
2000), resulted in an average decrease of ~ 20% in the 0 – 50 m depth area and up to ~ 27% for the 
0 – 200 m depth area across our sampled locations. Similarly, when applying the suggested 120 m 
decrease during the LGM (Clark et al., 2009), we estimated a sharp decrease in suitable habitats 
around our sampling locations, an average of ~ 63% for 0 – 50 m depth and ~ 47% for the 0 – 200 
m depth (Figure 3.1b, c). Given the decrease in likely suitable habitat for most of the past 250 Kya, 
coupled with the intense decrease during the LGM, many shallow marine organisms in the regions, 
including our two study species, have undoubtedly experienced bottlenecks and expansions due to 
the rapid rise of sea level following the LGM (Lambeck & Chappell, 2001). 
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Signals of Population Expansions 
In testing for the effect on population size, our two study species showed relatively similar 
patterns with the expansion model gaining the most support (Figure 3.2b, c). Specifically, for the 
cardinalfish C. quinquelineatus, the expansion model was the most highly supported model across 
all locations (posterior support ranges from 0.60 – 0.83), while bottleneck + expansion model was 
the second most supported model (posterior support ranges from 0.10 – 0.40; Figure 3.2b). 
Similarly, most sampled locations for the grouper E. merra also supported expansion (posterior 
support ranges from 0.32 – 0.95). However, three out of seven locations gave highest support for 
the constant Ne model (posterior support ranges from 0.00 – 0.67; Figure 3.2c). While these results 
did not exactly coincide with our prediction of bottleneck + expansion, the overall support for an 
expansion model indicates consequence of low sea-level stand (see Validation of model selection 
section) with the C. quinquelineatus showing a more pronounced effect.  
 
Genetic Support for Secondary Contact 
Given the suggested partial basin isolations during the most recent low sea-level stand, we 
expected to recover signals of past divergence in between basins comparisons. Indeed, the results of 
our ABC analyses indicated a consistent strong support for secondary contact across all pairwise 
population comparisons for the two species (Figure 3.3b, c).  However, contrary to our expectation 
of panmixia as the best supported model for within basin comparisons, we also found strong 
support for secondary contact within basins as well (blue points in Figure 3.3b, c). Because an 
overly stringent threshold in selecting posterior samples can skew results towards a single model, 
we increased the threshold for posterior samples from 0.01, which corresponds to 3, 000 posterior 
samples, to 0.1, which yields 30, 000 posterior samples. With a threshold of 0.01, all the posterior 
samples were secondary contact for most of the 57 pairwise ABC analyses we performed. 
Increasing the threshold to 0.1 resulted in posterior samples composed of secondary contact and 
panmixia. However, the results of the categorical regression gave strong support for secondary 
contact, partly because the panmixia posterior samples have low Epanechnikov kernel weighing, 
which is a value proportional to the distance of each posterior sample to the empirical data and is 
used to weigh the contribution of the posterior sample in estimation the posterior probability of the 
models. These results indicate that while increasing the threshold will increase the panmixia 
posterior samples, their deviation from the observed empirical data is substantial. Overall, we found 
consistent support for secondary contact, which is indicative of the effects of the LGM. 
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Validation of Model Selection 
We examined the sensitivity of our approach for identifying the different models by 
performing the same analyses on our simulated PODs. For the models examining the effect to 
demography, we found high precision for all the models except for bottleneck + expansion model. 
For example, the precision of our approach for E. merra for all the models except bottleneck + 
expansion model ranged from 0.77 to 0.955; while the bottleneck + expansion model showed very 
low precision that ranged from 0.22 to 0.31 and high error rate (Appendix S3.3a). Similar levels of 
precision were obtained for the C. quinquelineatus with the bottleneck + expansion model showing 
very low precision and high error rate (Appendix S3.3a). The high error rate was due to the 
inability our approach to distinguish the bottleneck + expansion model from the expansion model 
(error rate ranged from 0.52 – 0.60 for the two species; Appendix S3.3a) where bottleneck + 
expansion model was being identified as expansion model. These results consequently led to low 
robustness of our expansion model for the two species (Figure 3. 2b, c); but it also indicated that 
we might be underestimating our empirical support for bottleneck + expansion model, which was 
the second most supported model for C. quinquelineatus (Figure 3. 2b). In contrast, evaluation of 
our approach in examining the effect on genetic structuring gave high precision and low error rates 
across the three models for the two species (precision > 0.92 and error rate < 0.02; Appendix 
S3.3b). These results led to high robustness of our empirical model selection (Figure 3. 3b, c) for 
the two species. 
 
Population Expansion and Secondary Contact after the Last Glacial Maximum 
Estimating the parameters of the supported population expansion model indicated that most 
of the time of expansions are roughly between 6, 000 to 8, 000 generations ago (Appendix S3.1). 
Assuming a generation time of two years (a common estimate for reef fishes of this size), these 
estimated expansion times would coincide with the rise of sea level after the Last Glacial Maximum 
(LGM ~ 25, 000 years ago; Clark et al. 2009). Similar to the time of population expansion 
(Appendix S3.1a), most of the pairwise comparison yielded secondary contact time coinciding with 
sea level rise post-LGM with the modes of time of secondary contact having a mean of 8, 149 
generations, but with relatively high variance across the pairwise comparisons (standard deviation 
of 7, 243 generations). In contrast, the estimated time of divergence was way beyond the LGM, 
with the mean of the modes equal to 92, 199 generations (~ 185, 000 years ago assuming a 2-year 
generation time; Appendix S3.2a, b). Given the series of fluctuations of sea-level during the 
Pleistocene however, it is not surprising to obtain these estimates. For example, at least two periods 
of 120 m decrease in sea-level was suggested to have occurred (Voris, 2000), which might explain 
the variable divergence time associated with lo sea-level stands suggested across a variety of taxa 
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from the Indo-West Pacific Ocean (e.g., DiBattista et al. 2013). It is important to take note however 
that these estimates are contingent on rough assumptions about the mutation rate and generation 
time. Therefore, these parameter estimates should be interpreted with caution (Karl et al., 2012).  
 
Increased Genetic Diversity Associated with Secondary Contact 
To evaluate whether secondary contact following short isolation, such as typical of the 
LGM, and recent strong gene flow would leave a genetic signature distinct from panmixia (or no 
past isolation), we characterized genetic patterns arising from the three models in Figure 3a using 
fixed parameters. Examination of the summary statistics indicated distinct outcomes for panmixia 
and secondary contact (Figure 3. 4a). Specifically, simulated data from secondary contact models 
(Figure 3. 4a light purple) with high migration rate (m = 0.1), low divergence time (25K 
generation, which can be translated to 25 Kya– 50 Kya given a 1 to 2 years generation time), and 
time of secondary contact at 15K generations ago (effectively giving 10K generations of divergence 
and 15K generations of gene flow), was distinct from panmixia. Although the secondary contact 
models did not differ from panmixia in terms of differentiation related summary statistics (Figure 
3. 4b), they clearly showed an increase in local genetic diversity (Figure 3. 4c) – a signature of 
present-day mixing of previously isolated populations (Alcala et al., 2013).  
 
Discussion 
In this study, we examined the effects of low sea-level stands on past population size and 
gene flow by explicitly testing different demographic models with genome-wide data from two reef 
fish species. First, we predicted that reef species will exhibit population bottlenecks, due to the 
decrease in available habitat, followed by expansions because of the recent increase in shallow 
water habitat post-LGM. Although our approach indicated low power to resolve past population 
bottlenecks when there has also been a recent expansion, consistent support for population 
expansion across the two species mirrors expectations based on sea level falls and rises. Second, we 
recovered strong support for secondary contact model affirming the predicted past isolations due to 
low sea-level stands. This result is in contrast to some previous marine phylogeographic studies 
suggesting weak support for the effect of low sea level stands. Lastly, using simulations that are 
constrained to LGM scenarios, we found that although high present-day gene flow removes 
divergence signals, populations retain increased genetic diversity above expectations under 
panmixia. Overall, we found strong effects of low sea-level stands on both effective population size 
and past gene flow of two reef fish species sampled at a fine spatial scale (between locations over-
water-distance range from ~ 150 km to 1500 km). Below we discuss the implications of our 
findings to IWP marine phylogeography while emphasizing the importance of resolving 
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demographic histories in light of examining the contributions of present-day processes to spatial 
distribution of genome-wide genetic diversity. 
 
Demographic Expansions and Implications for Outlier Tests 
The extreme reductions in shallow water habitat during the LGM and the subsequent rapid 
increase in sea level dictate a case of bottlenecks and expansions for many shallow water marine 
organisms. While our results did not directly support this scenario, overall support for an expansion 
model clearly indicate a post LGM associated expansion for our two species. However, these tests 
are very biased against detection of bottlenecks followed by expansion due to the low power of our 
approach in distinguishing bottleneck + expansion model from expansion only model. Indeed, given 
the extreme reduction in shallow water habitat across our sampling locations (Figure 3.1), it is 
likely that bottlenecks preceded the expansions that we detected; and certainly, we cannot 
confidently exclude the LGM associated bottlenecks. Nonetheless, both models entail recent 
demographic expansions consistent with previous conclusions regarding demographic expansions 
for different tropical marine organisms derived largely from mtDNA. Our results based on genome-
wide data, therefore, match previous inferences about the effect of glacial cycles on population 
sizes.  
While we did not explicitly test spatial expansion (i.e., recent colonization), the genetic 
signals typically shown by population undergoing pure population expansion are similar to genetic 
patterns expected from spatially expanding populations (Excoffier et al., 2009). Because most of the 
present-day shallow-water marine populations are likely a result of colonization from some refugia, 
the signals of demographic expansions can potentially be due to spatial expansions. Although we 
did not explicitly test for spatial expansion, it is important to note that neutral processes, particularly 
genetic drift, in populations undergoing spatial expansion can result in similar genetic signatures 
from selection (Hallatschek et al., 2007). As such, outlier test methods for detecting signals of 
selection can result in high false positive when non-equilibrium populations are being examined 
(Lotterhos & Whitlock, 2014). The overall strong signals of population expansions observed in this 
study and previous works highlight caution when examining signals of spatial selection in shallow 
water marine organisms.  
 
Secondary Contact: Past Isolation and Present-Day High Gene Flow 
While strong genetic differentiation between putative past barriers is taken as support for 
past isolations, a lack of genetic structure is often construed as a weak effect of past barrier to 
dispersal. For example, because of the low genetic structuring of Pristipomoides filamentosus and 
its preference for deep habitat, limited influence of low sea-level stands on the species is suggested 
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(Gaither et al., 2011). Similarly, the relatively low genetic differentiation between populations of 
the snappers Lutjanus kasmira and Lutjanus fulvus across the IPB led to inference of weak effect of 
the past barrier to these species (Gaither et al., 2010). On the contrary, our consistent and strong 
support for a secondary contact model provide evidence for the effect of low sea-level stands on 
two reef fish species that show little spatial genomic differentiation. Indeed, because differentiation-
related statistics that are commonly employed are reliant to equilibrium of microevolutionary 
processes (Marko & Hart, 2011) and largely ignore time of isolation (Waples, 1998), the effect of 
past divergence can be shadowed by high gene flow. Moreover, although genetic patterns from 
some marine organisms reflects past divergence (e.g., Linckia laevigata; see discussion in Crandall 
et al. 2014), meaningful biological signals might be missed when relying solely on differentiation 
statistics (Crandall et al., 2019), especially for many marine organisms that typically have large Ne 
and high gene flow.  
Because the major signature of secondary contact with high gene flow is increased genetic 
diversity (i.e., increase in divergence and maximum divergence in Figure 3. 4b and all statistics in 
Figure 3. 4c), the partial to brief complete isolations of different basins within the Philippines 
possibly contributed to increased genetic diversity of affected marine organisms. This concept is 
similar to the “species pump” process suggested by McManus (1985) albeit at the intraspecific 
genetic diversity level. The hallmark signature of this process will be the presence of divergent 
clades that are homogenously distributed across space, which has been observed for many marine 
taxa at different spatial scales. For example, divergent mtDNA haplotypes with lack of concordance 
with previously isolated basins have been observed in two different unicornfish species from the 
genus Naso (Klanten et al., 2007; Horne et al., 2008) across the IWP. A similar pattern is apparent 
for the humbug damselfish Dascyllus aruanus (Raynal et al., 2014) and the sea star Linckia 
laevigata sampled across the Coral Triangle (Crandall here); and rabbitfish Siganus fuscescens 
collected from the Philippines (Ravago-Gotanco & Juinio-Meñez, 2010). Taken all together, our 
results supporting secondary contact indicate that low sea level stands possibly contributed to 
increased genetic diversity through basin isolations.  
 
IWP Phylogeography in the Genomic Era 
For the past two decades, IWP phylogeographic studies have been dominated by mtDNA 
data coupled with few nuclear markers (see Appendix 1 of Keyse et al. 2014 for details). While our 
results supporting population expansions confirm previous inferences related to population 
expansions, our support for secondary contact adds a new dimension to understand how sea-level 
changes have affected the present-day genetic diversity of marine reef species. Although genomic 
data are now being regularly utilized in the study of IWP phylogeography, so far little attention has 
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been given to examining the evolutionary histories of marine organisms in the IWP. For example, 
recent examination of genome-wide data from the sea star Protoreaster nodosus, the oyster 
Pinctada margaritifera, the surgeonfish Acanthurus olivaceus and A. reversus were mainly focused 
on the spatial genomic differentiation including outlier tests to detect putative selected loci (Gaither 
et al., 2015; Tay et al., 2016; Lal et al., 2017) Such inferences may be confounded when 
evolutionary history is overlooked. In particular, interpretation of differentiation statistics, such as 
𝐹𝑠𝑡, will be difficult because similar values can arise from different combinations of evolutionary 
parameters (e.g., Ne and m) (Waples, 1998; Marko & Hart, 2011; Crandall et al., 2019). Similarly, 
giving meaning to outlying loci might be tricky because of the confounding effects of demographic 
history (Pavlidis et al., 2012; Lotterhos & Whitlock, 2014). Although explicit modelling of 
demographic scenarios is not a panacea, it can be helpful in identifying the sets of parameters (i.e., 
demographic model) compatible with the observed data giving us insights of the contributions of 
past events to present-day distribution of genetic diversity. Therefore, with the mounting evidence 
pointing to the influence of low sea-level stands on IWP coastal marine organisms, resolving 
genome-wide evolutionary histories (Luikart et al., 2003) should be a consideration of 
phylogeographic studies evaluating the contributions of present-day processes to the distribution of 
genetic diversity. Importantly, genome-wide surveys should be undertaken in parallel with 
generation of good genomic resources for the taxa under consideration (e.g., reference genome), 
which will enable the better characterization of genome scan loci for proper demographic modelling 
(i.e., separating genic and non-genic regions). 
 
Conclusions 
  In this study, we explicitly tested the effects of low sea level stands on tropical marine reef 
species. Using genomic data, we found support for the effects of low sea-level stands on present-
day population size and past connectivity. While our results affirm some findings and suggestions 
of previous studies, our findings highlight that basin isolations could have possibly contributed to 
increased genetic diversity of shallow water reef taxa. These results, which could have been 
possibly misinterpreted as panmixia, point to the unprecedented increase in resolution that genome-
wide data and explicit model testing bring in examining the influence of historical factors, such as 
the Pleistocene, to present-day genetic patterns. 
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Figures 
 
Figure 3.1. Sampling sites (a) and estimated suitable habitat (b, c). Cheilodipterus quinquelineatus 
(CQ) and Epinephelus merra (EM) were collected from different sites in the Philippines (a) 
representing four basins that were reconstructed to have been partially isolated during the low sea-
level stands, namely: South China Sea (red shaded points), Sulu Sea (black shade points), Central 
Philippine Sea (purple shaded points), and eastern Philippines Sea (green shaded points). Using 
depth as a proxy,  the area of suitable habitat (as number of grids, y-axis of b and c) was estimated 
as area of the sea with depths 0 – 50 m representing the depth range of the two species (b), and 0 – 
200 m reflecting the epipelagic zone of the sea (c). The area of suitable habitat (b and c) was 
estimated at three different changes in sea-level (x-axis of b and c), namely: 0 m, representing 
present-day sea level; 40 m, the suggested dominant level of regression during the past 200K years 
(Voris, 2000); 120 m, representing the extreme regression during the Pleistocene. 
74 
 
 
Figure 3.2. Models representing effects on population size (a) and their corresponding empirical 
support from Cheilodipterus quinquelineatus (b) and Epinephelus merra (c). We tested four 
different demographic models (a) that represent a spectrum of possible effects on 𝑁𝑒, namely: 
bottleneck, bottleneck + expansion, expansion, and constant 𝑁𝑒. Genetic data under these models 
were simulated with the following parameters (coloured text in a): a reference 𝑵𝒆(𝑵𝒓𝒆𝒇); the 𝑵𝒆 
before the bottleneck (𝑵𝒑𝒃); the time of bottleneck (𝒕𝒃𝒐𝒕); and the time of expansion (𝒕𝒆𝒙𝒑). We 
tested these different models against genetic data of Cheilodipterus quinquelineatus (b, 9 sites) and 
Epinephelus merra (c, 7 sites) resulting in a total of 16 ABC analyses. In b and c, we summarize 
distribution of posterior probability (y-axis) for each model (x-axis) from the 16 ABC analyses 
(each ABC analysis is represented by four points in b and c showing its support for each model). 
The colour of the points in b and c indicates the sampling location, while the shape denotes that the 
posterior probability estimate will yield robustness >= 0.95.  
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Figure 3.3. Models representing effects on genetic structuring (a) and their corresponding empirical 
support from Cheilodipterus quinquelineatus (b) and Epinephelus merra (c). We tested three 
demographic models (a) that include an extreme scenario of isolation since the Last Glacial 
Maximum (divergence), a case of isolation during sea-level regression followed by gene flow post 
low sea-level stand (secondary contact), and a scenario of no isolation at all (panmixia). The 
following parameters were used in simulating genetic data for the models in (a): 𝑵𝒆s of the present-
day (𝑵𝒆𝟏 and 𝑵𝒆𝟐) and ancestral (𝑵𝒂𝒏𝒄) populations; time of divergence (𝒕𝒅𝒊𝒗); time of secondary 
contact (𝒕𝒔𝒄); and migration rates (𝒎𝟏𝟐 and 𝒎𝟐𝟏). The posterior probabilities (y-axis of b and c) of 
these models (x-axis of b and c) were estimated using genetic data from a total of 57 pairwise 
comparisons – 36 for Cheilodipterus quinquelineatus (b), with 28 is between likely isolated basins 
(red points in b and c; blue points indicate within basin), and 21 for Epinephelus merra (c), with 16 
comparisons between isolated basins. The shape of the points denotes that the posterior probability 
estimate will yield robustness >= 0.95. 
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Figure 3.4. Principal component analyses on summary statistics of simulated genetic data sets (a) 
and the median of some of the genetic differentiation statistics (b) and genetic diversity statistics (c) 
used to summarize the simulated data. To distinguish a present-day low differentiation resulting 
from secondary contact with high gene flow against no isolation, we simulated the different genetic 
structuring models (Figure 3a) while varying the migration rate (from a low value of 1 migrant per 
generation to an extreme value of 2251; spectrum of red points) and the divergence time (from 
500Kya high divergence time to 25Kya low divergence time; spectrum of purple points). To show 
how genetic differentiation (b) and genetic diversity summary statistics (c) differ across different 
models and parameter combinations (color of points in b and c), we plotted the median of the 20000 
computed summary statistics (y-axis of b and c) for each model and parameter combination (x- axis 
of b and c).
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Chapter 4 – Patterns of putative adaptive variation and their spatial predictors 
across the Philippines’ seascape  
 
Abstract 
Understanding the factors underlying the distributions of intraspecific genetic diversity is central 
not only to evolutionary investigations but also to conservation planning. With the increasing 
availability of genomic data, we are now gaining more power to examine patterns of adaptive 
diversity, providing insights into the spatial predictors of adaptive evolution. However, the tools 
available to examine adaptive variation are susceptible to the confounding effects of various neutral 
processes, such as signatures of Pleistocene glacial cycles, potentially misleading inference about 
adaptive variation. Here, I examine the influence of contemporary processes to the marine 
biodiversity of the Coral Triangle by investigating signals of adaptive variation and their potential 
spatial predictor for two reef fish species, the cardinalfish Cheilodipterus quinquelineatus and the 
grouper Epinephelus merra. Using genome-wide data, I first characterize the population structure of 
the two reef fish species and find overall weak geographic structuring across the Philippines. 
Second, I explicitly correlate patterns of genomic diversity with environmental variance represented 
by sea surface salinity and temperature with the goal of identifying loci with outlying correlations 
with environmental variance. While the overall associations between genetic and environmental 
variance are weak, they are significant for the two species considered with 60 outlying loci 
identified in C. quinquelineatus and 34 in E. merra. Lastly, validating these outlier loci with a 
method sensitive to the confounding effects of historical demography reduced the amount of outlier 
loci to four in each species. While these results give glimpses of the potential predictors of adaptive 
evolution in the Coral Triangle, they also highlight the challenges in evaluating adaptive variation 
in species that are not in evolutionary equilibrium.  
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Introduction 
Understanding key drivers of biodiversity distributions is critical to develop strategies to 
alleviate biodiversity loss (Moritz, 2002; Pressey et al., 2007). Species have been traditionally used 
as the primary measure of biological variation (Gaston, 2000), but intraspecific genetic diversity is 
becoming a common metric for documenting biodiversity and inferring the processes responsible 
for its distribution (Hendry et al., 2010). This provides us with key insights about the neutral and 
non-neutral processes shaping the species’ diversity. Recently, the importance of intraspecific 
genetic diversity is becoming better-appreciated (Sgrò et al., 2011), as exemplified by the 
increasing emphasis on incorporating evolutionary adaptation to conservation planning (Hoffmann 
& Sgrò, 2011). Indeed, because the distribution of neutral genetic diversity reflects the levels of 
genetic drift and gene flow across a species’ range, it provides key information for management 
intervention such as the need for translocation if there is low genetic diversity and low gene flow 
between populations of a species (Sgrò et al., 2011). Additionally, the examination of neutral 
genetic diversity can reveal distinct genetic diversity arising from historical processes, which can be 
irreplaceable, and thus should be preserved (Moritz, 2002).  Importantly, alignment of intraspecific 
genetic diversity with environmental factors allows inference about adaptive variation arising from 
non-neutral processes (Manel et al., 2010). Because non-neutral variation can be the result of local 
adaptation, it is deemed important in estimating a species’ evolutionary response to changing 
climatic conditions (Hoffmann & Sgrò, 2011). This may enable prediction of the possible impacts 
of climatic changes (Fitzpatrick & Keller, 2015) and the formulation of key strategies to increase 
the adaptive potential of a species’ population (Hoffmann & Sgrò, 2011; Hoffmann et al., 2015). 
Although there is an increasing capability to identify genomic regions that are putatively under 
selection, to date, identification of spatial predictors of such variation remains a challenge. 
With the recent advances in the generation of genome-wide data, identifying loci showing 
strong signals of selection is becoming easier (Schoville et al., 2012; Tiffin & Ross-Ibarra, 2014) 
giving us insights about a species’ adaptive diversity (Sgrò et al., 2011). Numerous methods for 
identifying putative loci under selection have recently emerged. These methods generally rely on 
finding outlying loci relative to a genome-wide distribution of population differentiation (Lewontin 
& Krakauer, 1973; Foll & Gaggiotti, 2008; Whitlock & Lotterhos, 2015) or correlation with some 
spatial or environmental explanatory variables (Wagner et al., 2017; Capblancq et al., 2018). 
Unfortunately, many of the methods for detecting outlier can yield high false positive rates (Bierne, 
2010) due to various reasons (reviewed in Hoban et al. 2016). For example, the commonly used 
outlier methods rely on extreme values of differentiation statistics (e.g., 𝐹𝑠𝑡) relative to a null model 
that assumes independently diverging populations, e.g., resulting from an island model (Lewontin 
& Krakauer, 1973; Beaumont & Nichols, 1996; Foll & Gaggiotti, 2008). With structured 
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populations however, the variance in allelic frequencies between populations across loci can be 
higher, resulting in false positives (Nei & Maruyama, 1975; Robertson, 1975; Fourcade et al., 
2013). Another likely source of errors are neutral processes that leave genetic signatures similar to 
selection (Lotterhos & Whitlock, 2014). For example, populations undergoing spatial expansions 
can generate extreme differentiation through surfing (Excoffier & Ray, 2008), leaving genetic 
signatures similar to selective sweeps (Hallatschek et al., 2007). Similarly, recent mixing of 
divergent neutral genetic diversity resulting from past isolations can give signals of genetic-
environment association, especially when gene flow is diminished between the differentiated 
parapatric populations (Bierne et al., 2013a). In summary, the emerging critical issue with outlier 
detections are population structure and past isolation coupled with high gene flow or spatial 
expansion: given the high rates of false positives that outlier methods can produce (Bierne et al., 
2013b), it is crucial to address these multiple confounding factors when investigating likely drivers 
of local adaptation. 
Unlike many terrestrial taxa, marine organisms are typically characterized by weak signals 
of population structuring (Carr et al., 2003). While the weak genetic structuring of marine 
organisms can pose challenges in identifying key processes driving neutral genetic diversity (Selkoe 
et al., 2010), it can also possibly reduce the confounding effects of population structuring when 
examining adaptive variation; thus, opening opportunities to examine spatial correlates of adaptive 
variation in marine systems. Indeed, a recent genomic study on the summer flounder Paralichthys 
dentatus found very weak spatial genetic structuring and identified loci whose allele frequency 
distribution was concordant with temperature – suggesting adaptive genetic diversity driven by 
temperature (Hoey & Pinsky, 2018). Similarly, temperature is also suggested to be a driver of 
adaptive diversity in sea cucumber Parastichopus californicus after statistically controlling for 
population structuring (Xuereb et al., 2018). With the increasing human-mediated threats to marine 
biodiversity (Halpern et al., 2015; Urban, 2015), understanding adaptive evolutionary processes is 
becoming more timely, especially in tropical marine systems that are predicted to be highly 
impacted by changes in climatic conditions (Molinos et al., 2016). Although weak population 
structure and statistical controls for population structure might reduce the number of false positives, 
errors arising from the demographic history of a species, such as spatial expansions and past 
isolations, still remain a challenge (Lotterhos & Whitlock, 2014; Lotterhos & Whitlock, 2015; 
Hoban et al., 2016). 
Amongst tropical marine regions, the Coral Triangle has been a focus for intraspecific 
genetic investigations seeking to understand processes underlying the extreme biodiversity of the 
regions (Gaither & Rocha, 2013; Bowen et al., 2016). Owing to limited genetic data however, most 
previous studies to date have focused on neutral processes (e.g., Barber et al. 2000; Timm and 
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Kochzius 2008; Gaither et al. 2011). Although adaptive processes are suspected to substantially 
shape IWP biodiversity (Bowen et al., 2013), it remains unclear how they contribute in the 
generation or maintenance of genetic diversity in the Coral Triangle or broader Indo-West Pacific 
(IWP) (but see Gaither et al. 2015) for an Indo-West Pacific region example). While genomic data 
paves the way for examining adaptive genetic diversity, the non-equilibrium genetic conditions, 
such as from population spatial expansions (arising after population contractions) and recent mixing 
of previously isolated populations (arising from the extreme reduction in habitat during Pleistocene 
low sea-level stands Ludt & Rocha, 2015), can hinder investigations of adaptive genetic diversity 
(Bierne et al., 2013a; Lotterhos & Whitlock, 2014). Indeed, previous phylogeographic studies find 
genetic signals suggestive of population bottlenecks and expansions as well as past isolations that 
are likely associated with changes in habitat during low sea level stands (Benzie, 1999; Barber et 
al., 2000; Crandall et al., 2008a; Crandall et al., 2008b; Gaither et al., 2011). Because of the likely 
influence of low sea level stands on IWP marine taxa, there is a need to consider different 
approaches in examining adaptive diversity to reduce false positives resulting from different 
processes (Whitlock & Lotterhos, 2015; Capblancq et al., 2018).  
In this study, I examine the distributions of intraspecific genetic diversity of two shallow-
water reef fishes in the northern region of the Coral Triangle – the Philippines archipelago. The goal 
is to identify signatures of non-neutral processes acting on intraspecific genetic diversity of reef fish 
in the Coral Triangle. To this end, we first characterize the genome-wide population structure of our 
two study species, namely: five-lined cardinal fish (Cheilodipterus quinquelineatus) and 
honeycomb grouper (Epinephelus merra). Previous analyses (Matias et. al. unpublished; Chapter 
3) had indicated panmixia at neutral loci: first we verify this finding and thus exclude population 
structure as a confounding attribute for detecting adaptive loci. Then, we investigate signatures of 
putatively non-neutral processes by identifying spatial predictors of adaptive variation. However, 
because our previous investigation on our two study species indicates population expansions 
(presumably arising from recolonization out of low sea level stand refugia) and recent mixing of 
previously diverged populations, we expect that (1) outlier methods relying on differentiation 
statistics will have a high rate of false positives due to the signals of expansions (Lotterhos & 
Whitlock, 2014; Whitlock & Lotterhos, 2015), and (2) outlier methods based on outlying 
correlation between allele frequencies and spatial factors will be influenced by past isolations and 
recent mixing (Bierne et al., 2013a; Capblancq et al., 2018). Therefore, to reduce signals from false 
positive in investigating spatial driver of adaptive variation, we cross-validate loci showing 
correlation with environmental variables with results from outlier test that is known to have lower 
false positives due to demographic history (Whitlock & Lotterhos, 2015).  
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Methods 
Genetic and Spatial Data Sets 
The Single Nucleotide Polymorphism (SNPs) from the Restriction Site Associated DNA 
sequences (RAD-seq) described in Chapter 3 were used in this study. In contrast with the 
subsampling of loci in Chapter 3, here I utilized the original 7124 loci genotyped for 119 
individuals of C. quinquelineatus and 7728 loci for E. merra genotyped across 92 individuals. 
These sets of loci were filtered following the same approach in Chapter 3. Specifically, loci that 
were not in Hardy-Weinberg Equilibrium (HWE) and had allele balance < 0.25 and > 0.75 (i.e., 
proportion of the reference allele out of all the reads in a heterozygote genotype) were not included 
because variants from these loci might be due to sequencing errors (Hosking et al., 2004; Krumm et 
al., 2015). 
In examining spatial predictors of adaptive variation, I focused on the two environmental 
variables that commonly influence many key biological processes, namely: sea surface salinity 
(SSS) and sea surface temperature (SST). Ten different summary statistics for these two variables 
were obtained from MARSPEC as raster layers with ~ 1 km2 resolution 
(http://marspec.weebly.com/modern-data.html; Sbrocco and Barber 2013), which included annual 
mean, range and variance, and monthly minimum and maximum (biogeo08 – biogeo17). Because 
these variables were highly correlated, independent components of the environmental variance were 
summarized by performing a Principle Component Analysis (PCA) on the original variables. Prior 
to PCA however, the raster layers were first cropped to include only the Philippines’ seascape 
(cropped from 115.5 to 128.5 decimal longitude and from 4.5 to 19.5 decimal longitude). Moreover, 
since the focus of the study was shallow water habitat, only raster cells that were within the depths 
0 to 200 meters were included in the PCA. The resulting Principal Component scores of each cell 
were then used as the new variables to represent the environmental variance of the Philippines’ 
seascape. All operations on the raster layers were performed using the package `raster` (Hijmans & 
van Etten, 2012), while the PC scores were computed via a single value decomposition of the 
`prcomp` function of the `base` package of R (Ihaka & Gentleman, 1996). 
  The samples in this study were represented by a single geographic coordinate for each 
location, which would necessitate a population-level measurement of environmental variables. 
Because of the very small number of sampled populations for the two species however, performing 
a population-level analysis would result in a very low power to detect effects. To circumvent this 
problem while also capturing the variability in the environment in each sampling location, each 
sample was distributed in the closest raster cell (raster layer has a resolution of ~ 1 km) adjacent to 
the geographic coordinate representing the population location, while making sure that each cell 
contained only a single sample. This approach was reasonable given that, first, it would not spread 
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the samples more than 10 km away from the original population coordinate, and second not all 
samples came from the same population coordinate – but certainly the samples were not spread 
across more than 5 km from the original population coordinate. The coordinates of the center of the 
raster cells containing each sample were then used as the individual coordinate of each sample. 
Using these individual coordinates, PC scores for each sample were measured as the average of the 
PC scores of cells within 5 km buffer from the sample cell. 
 
Measuring and Accounting for Spatial Distance 
Allele frequencies and environmental variables could be innately spatially structured. The 
resulting spatial autocorrelation could be further inflated by measuring the environmental variables 
in an individual-based manner, wherein the samples were randomly scattered near the center of the 
sampling location. To account for this positive spatial autocorrelation, spatial structure in the form 
of Moran Eigen Maps (MEMs; Dray et al., 2006) was included in the downstream analyses when 
examining for the effect of other environmental variables. In brief, MEMs were generated by 
performing an Eigen decomposition on a similarity matrix derived from distances between samples. 
In constructing the similarity matrix, over-water distances between the individual sample 
coordinates described above were first estimated using a least-cost path on a surface (raster layer), 
where passage between ocean cells was allowed while passage across a land cell was not allowed 
(i.e., transition involving land cell was set to 0, while transition from ocean cell to ocean cell was 
set to 1).  Because distances represent the degree of connection between samples, certain 
connections might not be meaningful, i.e., given a distance threshold, certain locations might not be 
spatially autocorrelated anymore such as ocean cells near a freshwater water discharge can be 
affected by the same source, while cells farther are not. To determine the connections or entries of 
the similarity matrix to be retained, a Gabriel Graph was constructed, which only retained 
connection between two points whenever there is no other point falling within a circle centred 
between the two points and with diameter equal the distance between the two points. However, the 
coordinates of samples used in constructing the graph were the first two axes of the Principal 
Coordinate Analysis performed on the over-water distance. The connections in the resulting Gabriel 
Graph were then retained in the similarity matrix, which was then subjected to an Eigen 
decomposition to finally generate the MEMs. The R packages `raster` (Hijmans & van Etten, 2012) 
and `gdistance` (van Etten, 2017) were used to compute over-water distance, while `spdep` (Bivand 
et al., 2013) and `adespatial` (Dray et al., 2016) were used to generate the Gabriel Graph and 
MEMs. 
 
Overall Genetic Structure 
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To examine the genetic structure of our two study species, a PCA was performed on the 
individual genotype data, wherein the genotype for each SNP was encoded as 0, 1, or 2 representing 
the frequency of the reference allele in each sample. A STRUCTURE analysis was also conducted 
using the genotype data described above for the two study species (Pritchard et al., 2000).  Values 
of K ranging from 1 to 9 for the two study species were tested using 10 replicates with each having 
2,000,000 iterations after a 100,000 burnin. All the other parameters of the STRUCTURE were kept 
the same. All the other parameters of the STRUCTURE were kept the same. The best K was 
selected by comparing the mean likelihood of the different values of K, which was performed using 
STRUCTURE HARVESTER (Earl, 2012). Additionally, genetic structuring was examined by 
estimating an overall genetic differentiation across all loci between populations. Genetic 
differentiation was estimated using 𝐹𝑠𝑡 (Weir & Cockerham, 1984) as implemented in the package 
`heirfstat` (Goudet, 2005). Significance of 𝐹𝑠𝑡 was determined by estimating the confidence interval 
for the 𝐹𝑠𝑡 generated by performing 1000 bootstrap replicate across loci. 
 
Examining Adaptive Variation 
To examine the likely influence of temperature and salinity on the distribution of 
intraspecific genetic diversity of the two study species, a Redundancy Analysis (RDA) was 
performed with the individual genotype matrix as response variables and the PC scores 
summarizing the environmental variance as predictor variables. The RDA was conditioned with the 
MEMs to account for spatial structure. The MEMs included were chosen by finding the set of 
MEMs that correlate best with the genotype matrix through RDA, i.e., set of MEMs result in the 
best R2 value. With the selected MEMs, a RDA was performed on the genotype matrix and PC-
scores. All RDA related analyses were performed using the R package `vegan` (Oksanen et al., 
2011).  
The outlier loci were determined based on the loci loadings on the final RDA model 
following Capblancq et al. (2018). In brief, significant RD axes were first identified by performing 
an ANOVA-like procedure with 1000 permutations. The loadings of each locus to the significant 
RD axes were then extracted. Since the RD axes represent the variance conditioned on 
environmental predictors, the loadings of loci to the RD axes represent the correlation of the 
individual locus to the environmental predictors. Therefore, the distribution of the loci loadings to 
RD axes defines the distribution of the correlations of the loci to the environment, which then 
allows us to examine loci with outlying correlations with the environmental predictors.  The 
outlying loci from the distribution was identified by first determining the Mahalanobis distance of 
each locus from the center of the distribution using the `robust` package (Wang et al., 2014). The 
probability (p-value) of a locus being outside the distribution was estimated assuming a 𝜒2-
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distribution for the distance with degrees of freedom equal to the number of RD axes used minus 
one. Finally, to minimize false positives due to the multitude of markers being examined, the p-
values were converted to q-value with the `qvalue` package (Dabney et al., 2010), with outliers 
identified using a threshold of 0.05 on the qvalues. 
 
Cross-Validating Outlier Loci from RDA 
Because demographic history could heavily influence outlier tests (even for loci identified 
by explicit correlations with environment (Bierne et al., 2013a; Lotterhos & Whitlock, 2014) and 
because my previous results indicated population expansions within my two study species, the 
outlier loci identified using RDA were cross-validated with the results of OutFlank analysis 
(Whitlock & Lotterhos, 2015). The OutFlank outlier method was preferred because of its tendency 
to have low false positives arising from processes other than selection. In particular, neutral 
processes, such as population spatial expansion and hierarchical structure, can result in elevated 
population differentiation (Excoffier & Ray, 2008; Bierne et al., 2013b; Lotterhos & Whitlock, 
2015). Because other differentiation-based outlier methods assume that these processes are not in 
effect, the presence of these processes, which is likely true for many species, will lead to increased 
false positives (Bierne et al., 2013b). Therefore, I decided to use OutFlank, which tries to model the 
distribution of 𝐹𝑠𝑡 across loci, while accounting for the shortcomings of previous methods (i.e., 
Lewontin and Krakauer 1973). The core of this distribution tends to capture neutral processes, 
leaving the outliers to flank the core.  Because previous results indicated substantial gene flow 
between populations for my two study species and the examination of genetic structuring indicated 
very weak population structure, real outlier loci driven by environmental variance (i.e., identified by 
RDA) can be expected to also exhibit relatively higher genetic differentiation; hence, they are also 
likely to be identified by OutFlank. The q-values of each loci derived from the OutFlank analysis 
and RDA were used to identify common outlier loci. 
 
Results 
Genetic Data 
After filtering for HWE and allele balance, a total of 2733 RAD loci were retained for C. 
quinquelineatus, and while 3632 RAD loci for E. merra. For each retained RAD locus, a single 
SNP was randomly selected and used in the downstream analyses. For RAD loci with SNPs 
identified as outliers using BayeScan and OutFlank, the outlier SNPs were preferentially retained 
instead of randomly selecting a SNP for the RDA loci. For C. quinquelineatus, a total of 56 outlier 
SNPs in 56 different RAD loci were included, while only 11 outlier SNPs were included for E. 
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merra. The individual genotypes of the samples, encoded as the frequency of the reference allele 
(i.e., 0, 1, 2), for these SNPs were used in all the downstream analyses. 
 
Environmental Data and MEMs 
After performing a PCA on the 10 original environmental variables representing SSS and 
SST, only the first five PC axes were retained for the downstream analyses (Figure 4.1a-c for the 
first three PC axes), which cumulatively explained ~98.84% of the total environmental variance 
(Figure 4.1d). Two SSS related variables, freshest month SSS (biogeo09) and mean annual SSS 
(biogeo08), highly correlated (high loadings) with the first PC axis, while variables related to the 
variance of SST loaded highly to the second PC axes (annual range and variance of SST; see 
Appendix S4.2 for all the loadings). There was a total of 58 MEMs for C. quinquelineatus and 45 
MEMs for E. merra describing possible spatial autocorrelation structures. Of these MEMs, 47 were 
retained for C. quinquelineatus and 36 in E. merra after examination of the significance MEMs 
using Moran’s I statistics. The downstream RDA analyses were conditioned with the MEMs. To 
identify the MEMs to include however, a RDA was performed with the MEMs and only the MEMs 
that were significant were included as condition. For C. quinquelineatus, only three MEMs were 
included, while four MEMs were used to condition the RDA for E. merra. 
 
Overall Genetic Patterns 
There was overall weak population structure across our sampled individuals for both 
species. The exploratory PCA showed some level of genetic clustering such that the Palawan (PPP) 
and Bolinao (BPP) samples of C. quinquelineatus and E. merra were separated by PC1 (Figure 
4.2a, b). However, all the PC axes explained a very small proportion of the overall genetic variance 
(< 2.00 %; Figure 4.2a, b). Similarly, the results of STRUCTURE for both species also indicated 
lack of genetic structuring. This was further complemented by the very weak genetic differentiation 
between populations. Specifically, for both species, pairwise 𝐹𝑠𝑡 were mostly < 0.01 with only half 
of the pairwise 𝐹𝑠𝑡 being significant for C. quinquelineatus (18 out of 26 comparisons) and only a 
third for E. merra (7 out of 21 comparisons; summarized in Appendix S4.1). Notably, for the two 
species, most of the pairwise 𝐹𝑠𝑡 for the Palawan samples (PPP) were significant, consistent with 
the patterns from the PCA (Figure 4.2a, b). The overall weak signal of population structure 
observed for the two species reduces the likelihood of false positives arising from the hierarchical 
structuring of populations. 
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Examination of Genetic and Environment Correlation 
In examining for signals of adaptive variation due to SSS and SST, I performed an RDA on 
the genotype matrix with the environmental variance (PC scores summarising environmental 
attributes of the whole focal seascape), which was conditioned on the MEMs. For both species, the 
model which included the first five environmental PC axes was significant (Pseudo-F = 1.09, p-
value < 0.001 for C. quinquelineatus; Pseudo-F = 1.07, p-value < 0.001 for E. merra), indicating an 
overall significant relationship between the genotype and environmental variance (Figure 4.3a, c). 
However, the environmental PC axes captured a very small amount of the overall genetic variance 
with just 4.56 % of the genetic variance explained in C. quinquelineatus and 5.83 % in E. merra 
(Table 4.1) after conditioning on the MEMs. Moreover, different aspects of the environmental 
variance seemed to drive the association in the two species. For example, of the different 
environmental PC axes that were used to summarize the SSS and SST variables across the 
Philippines seascape (Figure 4.1; Appendix S4.2), PC3 explained the highest genetic variance for 
C. quinquelineatus, while it is PC4 for E. merra (Table 4.2). 
 
Outlier loci based on RDA and OutFlank 
In determining the outlier loci based on RDA (i.e., set of loci that correlates highly with the 
RD axes), I examined the distribution of the loadings of loci to the significant RD axes (Figure 
4.3b, d). For C. quinquelineatus, the first two RD axes were significant (Pseudo-F = 1.37, p-value < 
0.001 for RD1; Pseudo-F = 1.16, p-value = 0.014 for RD2); while, only the first RD axis was 
significant for E. merra (Pseudo-F = 1.35, p-value < 0.001 for RD1; Pseudo-F = 1.04, p-value = 
0.204 for RD2). While outliers could be identified in a univariate way (i.e., selecting loci with 
loadings to RD1 that are ±3 SD away from the mean loadings), I also utilized the second non-
significant RD axes in the E. merra in identifying the outlier loci. Using the first two RD axes, a 
total of 60 outlier loci were identified in C. quinquelineatus, while 34 were identified in E. merra. 
Using only the first RD axis in E. merra resulted in a total of 72 outlier loci; many of which would 
fall in the blue cloud of the SNPs (between -0.5 to 0.5 of RD1 axis) presented in the Figure 4.3d. 
While a ±3 SD threshold (p-value ≈ 0.001) was stringent, the large number of loci was likely to 
result in many false positives, e.g., by random chance roughly 6 outliers in C. quinquelineatus and 8 
in E. merra would be identified. Because of this likely false positives, I focused on the 34 outlier 
identified using the first two RD axes – half of these loci (17) were included in the 72 outlier loci 
identified using the first axis (i.e., these common loci are the points at the edges of the RD1 in 
Figure 4.3d). Interestingly, in the two study species, there were four outlier loci identified by both 
RDA and OutFlank while using a threshold of 0.05 for the q-value (Figure 4.3b, d). 
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Discussion 
In this study, the adaptive variation of tropical marine reef fishes was investigated by 
identifying genomic regions that correlate with environmental variance in two reef fishes. Since 
demographic history (including population structure and population expansions) can influence 
interpretations and contribute to false positives, I implemented a series of approaches that should 
mitigate these biases. To this end, I examined overall patterns of genetic structuring of my two 
study species, wherein different tests indicated very weak spatial population structure for the two 
species. Using ten variables representing different aspects of SSS and SST as spatial predictors of 
adaptive variation, I then evaluated putative outlier loci that highly correlate with these spatial 
predictors relative to the genomic background. While the associations between the genetic and 
environmental variance were relatively weak in the two species, they were significant, resulting in 
the identification of 60 outlying loci in C. quinquelineatus and 34 in E. merra. However, because of 
the demographic histories of the two reef fish species considered here (Matias et. al. unpublished; 
Chapter 3), I also utilized a method more robust to demographic history in detecting outlier loci. 
Cross-validation of the outlier results from RDA with OutFLANK identified four outlier loci for the 
two species, potentially underlying adaptive variation in my two study species. Taken together, the 
contrasting patterns of population structure from neutral and putative adaptive loci observed here 
adds to the growing evidence for the occurrence of local adaptation under high gene flow, and 
perhaps also points to the paradigm that adaptive variation are commonly polygenic and 
underscored by a small amount of spatial allelic variation. Importantly, these results highlight the 
need for genomic surveys to better characterize spatial distributions of biodiversity, especially if it 
is to be used for practical applications. 
 
Weak Genetic Structuring and Its Implication for Outlier Detection 
Because the presence of hierarchical population structuring has been a significant hurdle for 
many outlier tests, high dispersal marine systems present a natural system where population 
structuring is minimal (Nei & Maruyama, 1975; Robertson, 1975; Excoffier et al., 2009; Bierne et 
al., 2013b; Fourcade et al., 2013). Here, the overall weak genetic differentiation observed for the 
two reef fish species studied was likely to reduce false positives in outlier tests, while giving more 
confidence to the putative outlier loci identified. Incidentally, the observed weak genetic structuring 
is consistent with my previous results, indicating recent mixing between populations (Matias et. al. 
unpublished), and other genomic surveys finding weak (or no) genetic structuring in the Philippines 
such as the fusilier Caeso cuning and parrotfish Scarus niger (Stockwell et al., 2015; Ackiss et al., 
2018). These concordant examples of weak genetic structuring across different marine taxa could 
possibly be caused by substantial gene flow across the region (Treml et al., 2015), coupled with the 
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likely high effective population sizes of marine taxa minimizing the effects of genetic drift (Waples, 
1998). 
 
Spatial Predictors of Adaptive Variation 
A key question in biodiversity research is whether co-distributed species respond similarly 
to environmentally-mediated sources of selection. Here, the results of the RDA indicated that 
environmental variance due to attributes of SSS and SST are likely predictors of adaptive variation 
in the two reef fish species considered. Both SSS and SST represent sea surface environments that 
many reef organisms traverse during their pelagic larval stages (Leis, 1991); thereby providing 
opportunities for selection during the pelagic larval phase. It must be noted however, that the results 
here are not causative but rather simply correlative, indicating that other factors that are correlated 
with SSS or SST might be driving the putative adaptive variation observed in the two study species 
here. Nonetheless, SSS and SST have been previously implicated in higher genetic differentiation in 
different marine taxa, suggesting that they may be representative of drivers of local adaptation in 
marine environment (summarized in Selkoe et al. 2016). Importantly, these environmental variables 
are shown to influence critical traits of different marine taxa. For example, variability in 
temperature was shown to influence survival in the coral Acropora hyacinthus (Palumbi et al., 
2014), while salinity could affect the growth the diatom Skeletonema marinoi (Sjöqvist et al., 
2015). Given the strong influence of salinity and temperature on marine taxa, the results from this 
study potentially shed light to the adaptive variation of IWP marine taxa.  
While SST and SSS broadly affected both studied species, their relative contributions were 
different, with PC3 driving the correlation in C. quinquelineatus and PC4 in E. merra. Interestingly, 
SSS and SST variables varied in contribution to PC3 and PC4 axes, with SSS variables (variance 
and mean) loading more to PC3 and SST variables (variance and minimum) loading more to PC4 
(Appendix S4.2). This result suggests that the two species examined here respond differently to the 
environment. This result is in contrast to the prediction of shared response of co-occurring species 
to the environment (Selkoe et al., 2010), possibly highlighting the influence of life history traits in 
modulating environmental response. While this study is limited to two species possibly constraining 
generality, comparative genomic studies of co-distributed species are exceedingly rare at the 
moment (Riginos et al., 2016), but certainly, a line of investigation that could be pursued with the 
increasing number of genomic surveys being undertaken.  
 
Different Outlier Loci from Different Tests 
Various neutral processes, particularly spatial expansions and recent mixing of previously 
isolated populations, are suggested to cause some neutral loci to produce genetic signatures of 
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selection such as high genetic differentiation or correlation with environmental factors (Excoffier & 
Ray, 2008; Hallatschek & Nelson, 2008; Bierne et al., 2013a; Lotterhos & Whitlock, 2014). 
Notably, these scenarios are likely to arise from the Pleistocene glacial cycles, which arguably have 
strongly influenced many shallow water marine taxa (Ludt and Rocha 2015; Matias et. al. 
unpublished). Yet, the likely influence of historical processes is often overlooked when examining 
signatures of adaptive variation (e.g., Gaither et al. 2015; Ackiss et al. 2018; see Bierne et al. 2013b 
an overview of confounding factors in outlier detection). Here, I investigated signals of adaptive 
variation from two reef fish species by employing methods based on (1) explicit correlation of allele 
frequencies with spatial factors (RDA), and (2) genetic differentiation but sensitive to the influence 
of historical processes (OutFlank).  
Comparing the outlier loci results from my RDA with OutFlank yielded a small overlap 
(4/60 in C. quinquelineatus; 4/34 in E. merra; Figure 4.3b, d), possibly indicating the strong bias in 
outlier detection due to neutral processes. However, if the adaptive variation correlating with the 
spatial factors is underpinned by many loci of small effects (Bernatchez, 2016), then, it is likely that 
examination of individual loci for variance in allelic frequencies will not be able to distinguish the 
loci of interest from the genomic background. As such, OutFlank can be overly conservative, 
potentially leading to exclusion of informative loci. Teasing apart the relative contributions of these 
two scenarios will be difficult, which also highlights the difficultly of investigating adaptive 
variation in marine taxa that are likely influenced by low sea-level stands. 
 
Implications of Neutral and Putative Adaptive Variation to the Coral Triangle 
While the different microevolutionary processes result in a single genetic outcome, they 
leave distinct signatures to different aspects of intraspecific genetic diversity; thereby providing an 
opportunity to tease apart the relative contributions of various spatial factors influencing genetic 
diversity. In this study, differing spatial distributions of neutral and putative adaptive genetic 
diversity were apparent for the two species examined (Figure 4.2 and Figure 4.3). Specifically, 
patterns of neutral genetic diversity indicated weak population structuring, while spatial genetic 
structuring concordant with environmental variance was evident in the distribution of putative 
adaptive variation possibly reflecting local adaptation. Whereas strong genetic structuring of neutral 
genetic diversity can be indicative of low gene flow and/or strong genetic drift, the observed weak 
population structuring in this study is consistent with the expectation of high gene flow and large 
effective population size in many marine taxa. The presence of high gene flow, however, might be 
counterintuitive with the observed putative adaptive variation because gene flow will tend to disrupt 
local adaptation (Lenormand, 2002; Yeaman & Otto, 2011). Yet, adaptive divergence can still 
proceed despite high gene flow given that adaptation is underpinned by polygenic selection and 
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genetic drift is low allowing the maintenance of standing variation (Yeaman, 2015). Taken together, 
the patterns of neutral and putative adaptive diversity observed here, although exploratory in nature, 
give a glimpse of likely processes shaping adaptive evolution of marine biodiversity within the 
Coral Triangle. 
Because of the past constraints in genetic data availability, attempts to incorporate 
intraspecific genetic diversity to conservation planning in the Coral Triangle were mostly focused 
on patterns of spatial distributions of putative neutral diversity. For example, Carpenter et al. (2010) 
delineated management units based on genetic differentiation that are likely to be legacy of 
historical events (Barber et al., 2000; Barber et al., 2006; Kochzius & Nuryanto, 2008; Timm & 
Kochzius, 2008). Using an optimization algorithm, Beger et al. (2014) explicitly incorporated 𝛼 and 
𝛽 components of neutral genetic diversity to identify areas to prioritize. Certainly, utilizing neutral 
genetic diversity can be informative to conservation, namely by identifying irreplaceable diversity 
due to historical processes (Moritz, 2002). However, relying solely on patterns neutral diversity 
makes it difficult to tease apart likely contributions of various spatial factors, possibly leading to 
key processes being missed. This is highlighted by the contrasting patterns of neutral and putative 
adaptive variation observed in this study. Importantly, patterns of putative adaptive variation not 
only provide another perspective into population structuring but also give insights into spatial 
predictors of local adaptation, thereby extending our knowledge on how marine species can 
possibly respond to human-induced climatic changes (Sgrò et al., 2011; Hoffmann et al., 2015). 
Thus, the contrasting patterns of neutral and putative adaptive variation observed here and the likely 
role of selection in maintaining genetic variation in marine taxa in the Coral Triangle underscore the 
need for further genomic surveys across the Coral Triangle and the broader IWP to elucidate 
mechanisms that generate and maintain IWP biodiversity – especially studies that samples more 
genomic regions (i.e., whole genomes) to overcome come the still restricted genomic coverage of 
RAD-seq (Lowry et al., 2017). 
 
Conclusions 
In this study, I examined patterns of adaptive variation in two reef fishes and their potential 
spatial predictors. While putative signals of adaptive variation correlating with salinity and 
temperature were identified, the low overlap between the results of two outlier detection methods 
employed indicates the likely legacy of low sea-level stands to the genetic diversity of shallow 
water reef fish. Although these results are exploratory in nature, they demonstrate the potential 
influence of present-day Philippines seascape in maintaining genetic diversity, and also underscore 
the need to consider the influence of historical processes in examining the present-day. 
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Tables 
Table 4.1. Summary of the partition of the genetic variance from the RDA. The `Constrained` row is the variance explained by the explanatory 
variables, while the `Conditional` is the genetic variance due to MEMs. The R2 measures the strength of the relationship between the genotypes 
and environment, and the R2 – adjusted corrects for the sample size. 
Source 
Cheilodipterus quinquelineatus Epinephelus merra 
Variance Proportion R2 (adjusted) Variance Proportion R2 (adjusted) 
Constrained 31.79 0.0456 0.0456 
(0.0039) 
53.13 0.0583 0.0583 
(0.0038) 
Conditional 24.23 0.0347  31.70 0.0348  
Unconstrained 641.48 0.9197  825.84 0.9068  
Total 697.50   910.68   
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Table 4.2. Summary of the examination of the significance of each predictor variable. The significance is examined by generating a null 
distribution of Pseudo-F via permutation, where the Pseudo-F is the ratio of proportion of explained variance and unexplained variance (i.e., R2 
and 1 – R2) accounting for the degrees of freedom (df). P-values that are considered significant (< 0.01) are in bold. 
Source 
Cheilodipterus quinquelineatus  Epinephelus merra 
df Variance 
Explained 
Pseudo-
F 
P-value  df Variance 
Explained 
Pseudo-F P-value 
PC1 1 6.54 1.12 0.014  1 10.43 1.05 0.079 
PC2 1 6.23 1.07 0.079  1 10.49 1.05 0.079 
PC3 1 7.51 1.29 < 0.001  1 9.88 0.99 0.596 
PC4 1 5.67 0.97 0.721  1 12.25 1.23 < 0.001 
PC5 1 5.85 1.00 0.476  1 10.08 1.01 0.399 
Residuals 110 641.48    83 825.84   
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Figures 
 
Figure 4.1. Variance in the different Sea Surface Salinity (SSS) and Temperature (SST) variables 
captured by the first three Principle Component (PC) axes. The PC score of each cell for the (a) 
PC1, (b) PC2 and (c) PC3 were re-projected in the map with the coloured points showing the 
sampling locations. In (d), the variance captured by each the PC axes is summarized.  
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Figure 4.2. Lack of genetic structure in both Cheilodipterus quinquelineatus (a) and Epinephelus 
merra (b) based on exploratory Principle Component Analysis (PCA) and STRUCTURE. For the 
PCA, samples were plotted using their scores in the first two PC axes. 
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Figure 4.3. Summary of the Redundancy Analysis (RDA) performed on Cheilodipterus 
quinquelineatus (a, c) and Epinephelus merra (b, d). In a and c, samples for the two species were 
reprojected in the constrained space using the first two RD axes with the points coloured based on 
sampling location. In b and d, the distribution of the loadings of the loci on the first two RD axes 
are shown. Outlier loci (red points) were identified based on these distributions with the loci also 
identified outlier using OutFlank were coloured yellow. The arrows show the correlation of the 
environmental PC axes with the RD axes. 
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Chapter 5 – General Discussion 
 
Which mechanisms shape the distributions of biodiversity is a fundamental question in 
evolutionary biology and ecology, with possibly wide-ranging practical applications to conservation 
management (Moritz, 2002; Sgrò et al., 2011). Yet, answering the above questions can be 
challenging because of the likely complexity of the underlying evolutionary history influenced by 
multitude of factors varying across space and time. Whereas using species as a unit of biological 
variation has given us enormous insights regarding the processes underlying the distributions of 
biodiversity, patterns of species distributions (or phylogenies) represent only a single outcome of 
complex evolutionary processes. Because intraspecific genetic diversity captures the history of the 
changes along the evolutionary continuum, using within species genetic diversity can give historical 
and contemporary perspectives to the factors influencing biodiversity distributions (Avise et al., 
1987; Manel et al., 2003). Importantly, with co-occurring species experiencing similar phenomena, 
the outcome of evolutionary processes can sometimes be shared across species, thereby making 
intraspecific genetic diversity, with species serving as a unit of replicate, a good tool for 
investigating mechanisms underlying biodiversity (Avise, 1992; Moritz & Faith, 1998). 
In this thesis, I aimed to understand the processes shaping the marine biodiversity 
distributions in the IWP, particularly focusing on its “center” the Coral Triangle – the most species 
diverse marine region across the globe. To this end, I first examined patterns of intraspecific genetic 
diversity of various marine taxa at a broad IWP spatial scale, while explicitly testing for regional 
differences in genetic diversity, directionality of gene flow and signatures of Pleistocene low sea-
level stands across regions. While a shared evolutionary history leading to a similar genetic pattern 
was expected amongst co-occurring species, I found idiosyncratic intraspecific genetic patterns 
from the various marine taxa examined across the IWP. Second, focusing at a finer scale within the 
Coral Triangle, I explicitly investigated the effects of the Pleistocene low sea-level stands using 
genomic data from two reef fish species. Whereas the two species considered likely vary in their 
dispersal capacities, similar genetic models representing population expansions and recent 
secondary contacts arising from the Pleistocene scenarios of habitat retraction and expansions fit the 
intraspecific genetic diversity of the two species considered here. Lastly, I evaluated the influence 
of the contemporary environment to the patterns of adaptive variation in the same two reef fish 
species across the Philippines seascape. Although an overall weak population structuring was 
observed in the two species, putative signals of adaptive variation were apparent, albeit with 
varying spatial predictors. While these results, taken together, show the multitude of processes 
shaping the IWP marine biodiversity, they also highlight the complexity of evolutionary processes 
underlying present-day biodiversity. 
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Idiosyncratic Species Histories at the Broad Spatial Scale 
Biodiversity is the outcome of the interplay between various physical and biological 
processes through time (Ricklefs, 2004). Teasing apart the relative contributions of extrinsic and 
intrinsic factors to intraspecific genetic diversity is of great importance to basic research and 
practical applications. While having a shared environment could possibly lead to similar predictable 
genetic outcomes, various life history traits could lead to varying responses to extrinsic factors. 
Nonetheless, a common genetic pattern shared across taxa of various life histories might be 
indicative of an overriding effect of the environment and shared geographic history (Avise, 1992). 
Accordingly, finding concordant marine phylogeographic patterns across the IWP has been a major 
line of phylogeographic investigations (Crandall et al., 2008a; Crandall et al., 2008b; Carpenter et 
al., 2010). In Chapter 2 however, variable patterns of intraspecific genetic diversity of nine marine 
taxa with varying life history traits surveyed across the IWP were observed. Whereas these results 
can be taken as intrinsic life history traits dominating the extrinsic physical processes in shaping 
genetic diversity, the idiosyncratic patterns observed here coupled with previous IWP 
phylogeographic investigations can also highlight the high variability in possible genetic outcomes. 
A strong influence of extrinsic historical factors to IWP marine taxa are typically inferred 
when concordant phylogeographic patterns are observed in a variety of marine taxa consistent with 
the expectations from the Pleistocene low sea-level stands. For example, the seemingly congruent 
genetic breaks between Indian and Pacific populations of various marine taxa suggest the 
significant effect of the IPB (Gaither & Rocha, 2013). Given these other observations, it could be 
said that historical events could have substantially influenced the present-day genetic patterns of 
many marine taxa. Yet, the literature is rife with incongruent genetic patterns across taxa. Amongst 
the many examples, it is worth noting that even closely related species, expected to have similar 
traits, can have discordant patterns of intraspecific genetic diversity (e.g., Gaither et al. 2010; 
DiBattista et al. 2012), suggesting that the that the variability among species that we observe are not 
entirely due to the variance in biological traits. These idiosyncrasies therefore beg the question: are 
genetic patterns across species deterministic governed by extrinsic and intrinsic factors, or are they 
mainly driven by stochastic processes? 
Before speculating further however, it must be noted that the broad-scale patterns in this 
study and many of the previous phylogeographic surveys are mainly derived from mtDNA markers 
(Keyse et al., 2014), which may poorly resolve population histories (reviewed in Gaither et al. 
2011). Determining if these idiosyncratic patterns are due to the peculiarities of mtDNA is beyond 
this study. However, comparisons of phylogeographic patterns of mtDNA and microsatellite 
markers yield equivocal results, with some studies finding concordance while incongruence in 
others (see DiBattista et al. 2012 for a summary). Adding to this ambiguity is the differences in 
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analytical approaches employed in examining patterns of mtDNA and microsatellites (nuclear) 
diversities. For example, although population differentiation are commonly used for both sets of 
genetic markers, mtDNA markers usually come with coalescence-based (e.g., population size 
changes) and site frequency spectrum (e.g., Tajima’s D, nucleotide diversity) inferences; in 
contrast, microsatellite markers are typically analysed with linkage-disequilibrium based inference 
(e.g., STRUCTURE). Whilst presently there are various methodological problems contributing to 
idiosyncrasies of genetic patterns, the vast amount of available genomic data will facilitate the 
standardization of approaches in terms of the processes underlying the genetic diversity (neutral vs 
adaptive processes) and analytical approaches that can be employed. With genome-wide data of 
various taxa sampled across the IWP, perhaps in the future, we will be able to fit a common genetic 
model across various marine taxa or improve our predictions regarding the intrinsic effects of 
biological traits to present-day distributions of genetic diversity. 
 
Shared Evolutionary Outcomes at the Fine Spatial Scale 
Across the IWP, the Coral Triangle is one of the major areas of intraspecific genetic 
diversity investigations. Whilst there are areas of phylogeographic concordance within the Coral 
Triangle, inconsistent patterns of intraspecific genetic diversity are also prevalent in previous 
studies (see Carpenter et al. 2010 for a review). Similar to the broad-scale studies however, these 
incongruent patterns can be possibly attributed to several methodological differences, e.g., sampling 
sites, genetic markers and analytical approaches. In Chapters 3 and 4, I re-examined the influence 
of both the historical Pleistocene low sea-level stands and the contemporary environment using 
genetic data from two co-sampled reef fish species that likely vary in their dispersal capacities. 
The isolation of different basins within the Coral Triangle, including the different seas in the 
Philippines, is one of the suggested mechanisms contributing to the high biodiversity in the Coral 
Triangle (McManus, 1985). While previous phylogeographic studies covering the Philippines are 
consistent with genetic differentiation arising from the low sea-level stands of the Pleistocene 
(Ravago-Gotanco & Juinio-Meñez, 2010; Raynal et al., 2014), the weak phylogeographic signals 
concordant with emergent barriers of the Pleistocene leads to uncertainty regarding the impacts of 
the low sea-level stands. Using model-based inference in Chapter 3, I recovered consistent results 
for my two study species, the cardinalfish C. quinquelineatus and the grouper E. merra, in which, 
models of population expansions and secondary contact fit the genomic data of the two species. The 
results of model-based inference show the past influence of low sea-level stands (e.g., higher 
genetic diversity relative to panmixia), which is likely modulated by the contemporary 
oceanography in the Philippines. Importantly, these concordant results, albeit coming from only two 
taxa not showing patterns of genetic differentiation in agreement with past isolations, highlight the 
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strong effect of historical extrinsic factors to the present-day intraspecific genetic diversities of 
marine species in the Coral Triangle.  
Results from Chapter 4 indicates a very weak population structuring across the Philippines 
seascapes. While this result is not surprising given the finer spatial scale of the study system (~1500 
km) and the oceanography in the region (Treml et al., 2015), the weak spatial genomic structuring 
observed in the cardinalfish C. quinquelineatus is rather striking. My expectation of a pronounced 
geographic differentiation for C. quinquelineatus is largely due to its mouth-brooding strategy and 
relatively low reproductive output, producing fewer pelagic larvae that are more competent when 
released; therefore allowing for early settlement and lesser larvae reaching distant locations (Treml 
et al., 2012; Riginos et al., 2014), and the possible strong local retention due to natal homing as 
previously suggested in other species from the family Apogonidae (Gerlach et al., 2007). However, 
various biological processes impact genetic differentiation such as genetic drift, which might be 
weaker in the C. quinquelineatus given their higher abundance and paired mating leading to less 
variance in reproductive success over the mass-spawning strategy of the E. merra (Kuwamura, 
1987; Fogelman et al., 2009; Go et al., 2015). While both species exhibit weak spatial genetic 
structuring, C. quinquelineatus nonetheless showed more significant genetic differentiation, 
possibly reflecting the influence of intrinsic biological traits to the distributions of intraspecific 
genetic diversity. Although a comprehensive sampling across the Philippines was attempted in this 
thesis, some interesting regions were not covered. For instance, along the eastern Philippines, the 
North Equatorial Current has been suggested to act as a barrier in some marine taxa as suggested by 
previous population genetic studies and biophysical models. Yet, given the findings here of past 
isolations and likely spatial expansions, it will be of general interest to tease apart the contributions 
of these factors across marine taxa of varying reproductive strategies. 
 
Model-based Inference of Historical Processes 
While the challenges of hypothesis testing in inferring the influence of historical processes 
to present-day genetic diversity has been recognized (Knowles & Maddison, 2002), the limited 
genetic data and computational power have constrained many previous phylogeographic studies to 
qualitative inference (e.g., summary statistics, haplotype networks). Although some model-based 
analyses were available and permitted inference about changes in effective population sizes during 
low sea-level stands (e.g., coalescent-based inference of changes in 𝑁𝑒 implemented in SkyLine 
Plots), inference regarding past isolations have been qualitative and dependent on the presence of 
strong genetic divergence in present-day genetic diversity. Taking together the observed weak 
genetic differentiation (Chapter 4) and the strong support for secondary contact (Chapter 3) 
argues for a model-based inference of the influence of historical processes, particularly of the 
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Pleistocene low sea-level stands, to the present-day genetic diversity of the IWP marine taxa. 
Importantly, with model-based inference becoming more common and being shown to be more 
powerful than traditional approaches (Crandall et al., 2019), consideration for model-based analyses 
must be given as early as the experimental design phase to optimize resource allocation strategically 
(i.e., determine the specific analysis to match the question, gather the necessary data, and consider 
the computing resources needed). 
 
Seascape of Adaptive Variation  
Owing to the previous constrains in molecular data, to date, our knowledge of adaptive 
variation across the IWP, especially the Coral Triangle, is very limited. Although genomics is 
starting to be applied in investigating IWP biodiversity, examination of patterns and likely 
predictors of adaptive variations is overlooked to date (e.g., Tay et al. 2016; Hernawan et al. 2017; 
Lal et al. 2017). While there have been attempts to investigate local adaptations at a broad IWP and 
finer central Pacific scales (Gaither et al., 2015; Ackiss et al., 2018), the likely influence of 
historical demography is largely ignored, especially spatial expansions and past isolations – both of 
which can lead to neutral signals similar to selection (Hallatschek et al., 2007; Excoffier & Ray, 
2008; Bierne et al., 2013; Lotterhos & Whitlock, 2014). When effects of the inferred demographic 
histories of the two species (examined in Chapter 3) were minimized, putative signals of adaptive 
variation were apparent in the two species examined (Chapter 4), especially genetic patterns that 
correlated with salinity and temperature. Although the results in Chapter 4 are exploratory in 
nature, they nonetheless highlight the likely influence of contemporary seascapes of the IWP in 
generating and maintaining adaptive variation across the Philippines’ seascape. Importantly, results 
in Chapter 4 also underscore the likely pervasiveness of neutral genomic regions giving signals of 
selection. These findings altogether dictate prudence in finding signals of adaptive variation in 
species with complex history, but also point to other more direct methods in examining adaptive 
variation. From the results of Chapter 4, for example, I speculated that the putative local adaptation 
acts on the pelagic larval stage. Thus, targeting for the spatial distribution intraspecific genetic 
diversity of the larvae of these species might lead to better inference of how sea surface 
environment shape adaptive variation. This is one of the future investigations that I plan to pursue 
in the Philippines, which I plan to run alongside identification of marine pelagic larvae using 
metabarcoding approaches. 
 
On to Genomics: Biogeography and Conservation of IWP Marine Biodiversity 
The more than two decades of IWP phylogeography has given us insights into the likely 
processes that generate and maintain the IWP marine biodiversity, with tectonic activities, the 
106 
 
Pleistocene glacial cycles, and oceanographic currents as especially significant contributors (see 
Introduction and also (Bowen et al., 2013; Gaither & Rocha, 2013; Bowen et al., 2016)). 
Importantly, these previous studies have helped in refining our phylogeographic hypotheses 
regarding processes shaping the IWP marine biodiversity (Bowen et al., 2014), for example, 
secondary contact and population expansions after the Pleistocene and roles of oceanographic 
currents within the Coral Triangle (Barber et al., 2000; Barber et al., 2006; Timm & Kochzius, 
2008). However, as a field we might be hitting the limits of traditional phylogeography, based on 
mtDNA or few microsatellite markers, in resolving the relative contributions of various processes to 
IWP marine biodiversity. This traditional reliance on few markers leaves the cause of idiosyncratic 
genetic patterns in comparative studies largely unresolved (e.g., absence of clear hypotheses for the 
idiosyncratic genetic patterns observed in Chapter 2).  
While the genomic-era has stimulated great interest in examining selection in natural 
populations (Luikart et al., 2003), genome-wide data coupled with model-based inference offer 
great power in resolving population histories, and therefore, a way to explicitly compare various 
phylogeographic hypotheses explaining the IWP marine biodiversity (Knowles, 2009; Nielsen & 
Beaumont, 2009). Accordingly, the explicit model testing approach employed in Chapter 3 and the 
consistent demographic model supported for the two species demonstrate the utility of these 
methods in resolving the influence of historical events, albeit spatially limited to the Philippines. At 
the broader IWP, there still remain many unresolved questions regarding the roles of historical 
phenomena and contemporary processes to the neutral genetic diversity of IWP marine taxa. Other 
than resolving historical demography of IWP marine taxa, one line of investigation will be 
evaluating patterns of gene flow across the IWP and fitting biophysical models to these genomic 
data set. Previous attempts to fit biophysical models with mtDNA genetic diversity often indicate 
historical gene flow overshadowing contemporary oceanography (Benzie & Williams, 1997; 
Crandall et al., 2014; Keyse et al., 2018). Using genome-wide data might give a more recent 
temporal resolution, thus can help evaluated biophysical models – tools that will be of great benefit 
to conservation applications. 
The increased power in resolving influence of historical and contemporary factors to 
present-day genetic diversity will certainly benefit the initiatives incorporating genetic information 
to practical conservation applications (see von der Heyden et al. 2014 for broad practical 
applications of molecular data across the IWP). However, restricting the inference on patterns of 
neutral genetic diversity – from which our knowledge of the IWP genetic diversity is based on – can 
leave out critical information about adaptive variation in conservation (Sgrò et al., 2011). The 
putative signals of adaptive variations identified in Chapter 4 demonstrate the capability of 
genomic data for examining adaptive variation, which certainly can be utilized (at the very least) as 
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an exploratory approach in characterizing the distributions of adaptive variation across the IWP 
seascapes and potentially identifying spatial predictors of adaptive variations (Joost et al., 2007; 
Manel et al., 2010). Therefore, utilizing genomics in IWP phylogeographic surveys can possibly fill 
in gaps in adaptive variations, which certainly can aid in conservation management. 
Taken together, genomics will not only give us finer resolution in making historical 
inference, but also increase our power to examine adaptive variation across the IWP. Importantly, 
genomics provides enormous information to holistically investigate the contributions of different 
processes, historical and contemporary, to both neutral and adaptive genetic diversity of IWP 
marine taxa; thus, genomics provide opportunity to distinguish possible confounding effects of 
certain processes not of interest, e.g., historical events, when examining the influence of focal 
processes to the distributions of biodiversity. However, the geographic expanse of the IWP and the 
cost for genomic data, while getting tractable, can still be restrictive. Therefore, it is important to be 
strategic with the experimental design of IWP phylogeographic studies utilizing genomics (see 
Riginos et al. 2016 for key points in designing seascape genomics studies). 
 
Conclusions 
The IWP is the largest tropical marine region globally, with a very peculiar distribution of 
species diversity concentrating at its center – the Coral Triangle. What caused this pattern of species 
diversity has been a long-standing inquiry, with a literature dating back to more than half a century 
ago and utilizing a broad array of data and methods drawing upon evidence from species 
distributions, phylogenetics and population genetics. With the finer resolution that population 
genetic methods offer, phylogeographic and seascape genetics have been gaining traction in 
investigating processes responsible for the IWP biodiversity. Previous intraspecific genetic 
investigations in the IWP, however, have been hampered by difficulty in sampling arising from the 
vast expanse of the IWP and the limited genetic data constraining the inferences made. In this 
thesis, I evaluated various processes possibly shaping the IWP biodiversity distribution, while 
addressing the two key gaps mentioned above, namely: (1) filling in samples from focal sites to 
generate IWP-wide data, and (2) utilizing genomic data to get finer resolution of the influence of 
historical and contemporary processes to the present-day IWP. While the results of utilizing 
mtDNA data at a broad spatial scale provide inconsistent patterns across a variety of marine taxa, 
these results highlight the complexity of processes underlying the IWP marine biodiversity and 
perhaps the limits of inference that we obtain from mtDNA. With genome-wide data and explicit 
testing of alternative hypotheses, I was able to fit population expansions and secondary contact 
models as outcomes of Pleistocene to intraspecific genetic diversity of two reef fish species, 
indicating the extensive impact of the low sea-level stands to IWP shallow water marine taxa. 
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Although these results are limited to the Philippines, they demonstrate the power and flexibility of 
genome-wide data and explicit model testing in resolving influence of historical phenomena to 
present-day IWP marine biodiversity. Using the same genome-wide data of the two species, I was 
also able to identify putative adaptive variations spatially predicted by salinity and temperature. 
While these results are exploratory, they underscore the increasing ability to investigate adaptive 
variations in natural populations. Overall, a multitude of processes likely shape IWP marine 
biodiversity at the broad-IWP spatial scale, with the signatures of Pleistocene low sea-level stands 
and contemporary seascape evidently contributing to the distributions of neutral and putative 
adaptive diversity of IWP marine taxa at a finer-spatial scale. 
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Appendix 
 
Appendix S2.1. Summary of the genetic data used in this study. Included here are the study species, the mtDNA region used, the length of the 
sequence, total number of populations included and the total number of individuals, source of mtDNA and protocol followed in generating new 
mtDNA data. Primers used in each protocol are indicated as footnote. 
Species mtDNA region 
Sequence 
Length 
Total # of 
populations 
(total # of 
individuals) 
Number of newly 
collected samples 
Source of Data Protocol 
Epinephelus merra cytochrome B 778 25 (579) 96 Muths et al. (2015) Muths et al. (2015) a 
Dascyllus aruanas cytochrome B 1058 13 (258) 0 DIPNet NA 
Cheilodipterus 
quinquelineatus 
cytochrome 
oxidase 1 
612 12 (193) 188 Barcode of Life Hubert et al. (2012) b 
Chaetodon auriga cytochrome B 650 17 (384) 13 DIPNet DiBattista et al. (2015) c 
Acanthurus nigrofuscus cytochrome B 683 20 (607) 6 DIPNet DiBattista et al. (2016) c 
Acanthurus nigricans cytochrome B 491 15 (428) 6 DIPNet DiBattista et al. (2016) c 
Linckia laevigata 
cytochrome 
oxidase 1 
309 85 (1224) 63 
DIPNet;  Alcazar 
and Kochzius 
(2016) 
Crandall et al. (2014) d, e 
Holothuria atra 
cytochrome 
oxidase 1 
379 36 (638) 0 GenBank; DIPNet NA 
Acanthaster planci control region 512 89 (1390) 0 DIPNet Yasuda et al. (2015) f 
a CB12F – 5’ TGGCAAGCCTACGCAAAAC 3’ and CB13R – 5’ TATTCCGCCGATTCAGGTAA 3’ 
b FISH-BCL – 5’TCAACYAATCAYAAAGATATYGGCAC 3’ and FISH-BCH – 5’ TAAACTTCAGGGTGACCAAAAAATCA 3’ (Baldwin et al., 
2009) 
c 5’ GTGACTTGAAAAACCACCGTTG 3’ (Song et al., 1998) and 5’ AATAGGAAGTATCATTCGGGTTTGATG 3’ (Taberlet et al., 1992) 
d LL-F1 – 5’ ACCACCGGCTGGGTCGAA 3´and LL-R1 – 5’ TAATCTTTGGGGCGTGAGC 3’ (Crandall et al., 2014) 
e LCO1490 – 5’ GGTCAACAAATCATAAAGATATTGG 3’ and HC02198 – 5’ TAAACTTCAGGGTGACCAAAAAATCA 3’ (Folmer et al., 1994) 
f COTS-ctrl-fwd – 5’ CAAAAGCTGACGGGTAAG CAA 3’ and COTS-ctrl-rvs – 5’ TAAGGAAGTTTGCGACCTCGAT 3’ (Yasuda et al., 2015)   
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Appendix S2.2. Distribution of the number of samples (n) for each sampling site (circle). The radius of the circle corresponds to the number of 
samples. The legend at the bottom right reflects the largest (top), median (middle) and the smallest (bottom) sample size for each species. Additionally, 
all sampling sites with fewer than 10 samples were marked with asterisk.
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Appendix S2.3. Additional Methods 
 
mtDNA Data Preparation 
 
For the new samples from the Philippines, genomic DNA was extracted, and the mtDNA regions 
similar to the existing genetic data were amplified and sequenced following protocols from previous 
studies (Appendix S2.1). All sequences within each species were aligned using CodonCode 
Aligner ver7.1.1 (www.codoncode.com) and/or BioEdit ver7.2.5 (Hall, 1999) and then imported 
into R ver3.3 (Ihaka & Gentleman, 1996) for downstream analyses using the ‘seqinr’ package 
(Charif & Lobry, 2007). 
 
Calculation of Genetic Diversity 
 
In determining PD of a site, first, a neighbour joining (NJ) tree (Saitou & Nei, 1987) was 
constructed using the raw number of base differences as measure of distance between haplotypes. 
Then, the NJ tree was rooted using midpoint rooting. Afterwards, the distance from the root to the 
tip (haplotype) was used together with the haplotype frequency to calculate the PD. Calculations of 
Dhap and PD were implemented using the ‘ape’ (Paradis et al., 2004), ‘iNEXTPD’ (Hsieh et al., 
2016), ‘pegas’ (Paradis, 2010) and ‘phanghorn’ (Schliep, 2011) packages in R v3.3 (Ihaka & 
Gentleman, 1996). The interpolation/extrapolation of Dhap was implemented using ‘iNEXT’ (Hsieh 
et al., 2016) through modified R script from DIPNet (https://github.com/DIPnet/popgenDB). The 
summary statistics Tajima’s D and Fu’s Fs were calculated using ‘pegas’ and ‘strataG’ (Archer et 
al., 2017) in R. 
 
We also expressed genetic diversity as nucleotide diversity (π) and used this measure to compare 
genetic diversity between regions. Similar to Dhap and PD, π was determined for each sampling site 
for each species using the ‘pegas’ package in R. Then, to examine the differences in π between 
regions, we undertook a similar approach to Dhap and PD comparisons by modelling the “region 
effect” on π. Here, we used π as the response variable and included Region and Sample Size as 
explanatory variables. Similarly, Species was included as a random effect. A general linear mixed 
model (glmm) was then fitted to π with beta distribution linked to the linear model with the logit 
function using the same Bayesian approach with stan sampler implemented using the ‘rstan’ in R. 
 
Calculation of high density interval of Nm 
 
From the Isolation with Migration (IMa) results, most of the estimates of Nm were not significantly 
greater than zero based on the criterion of zero being within the 95% highest density interval (HDI). 
We re-examined the posterior distribution of Nm with lower confidence thresholds and determined 
if the HDI, with lower confidence thresholds, still included zero. Since the IMa output gives only 
the “binned” estimate of Nm, we used the bin value and the associated probability to reconstruct the 
posterior distribution of the Nm. First, we used the values of the Nm bins as the values of the 
elements of the new distribution. Next, we constructed a vector with 100000 elements composed of 
the values of the Nm bins, and the frequency of each value was determined by their corresponding 
probability (e.g. a bin value of Nm = 5 with probability of 0.15 will result to 15000 elements in the 
vector with value of 5). Using this distribution, we determined the bounds of the following HDI: 
95%, 90%, 85%, 80% and 75%. The highest density interval is constructed using the HDInterval in 
R. The Nm bins from IMa does not explicitly show a zero value. However, the lowest bin 
approximately includes the zero or Nm value almost zero. Thus, we deemed the estimate significant 
if the lower bound of the new HDI is higher than the lowest Nm bin of the IMa result. We report the 
new intervals in Figure 2.3. 
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Extended Bayesian Skyline Plot 
 
Under the Survival hypothesis, the higher marine biodiversity in the CT is due to the abundant 
refugia in the CT during low sea level stands. A likely consequence of low sea level stands is the 
possible drastic reduction in population size of marine organisms, particularly in areas where 
refugia were limited. To examine this, we employed an Extended Bayesian Skyline Plot (EBSP) 
analysis, which in general models the number of times the effective population size changed 
through time while accounting for the variability in the gene tree and DNA mutation.  We employed 
the EBSP analysis for each region for each species separately.  For each region, we decided to pick 
the sampling site with the highest sample size rather than pooling the samples all together.  This 
scheme tends to lower the power to detect expansion, which we believe is more desirable than the 
alternative pooling approach, which can result in unpredictable outcomes due to inflation of 
singletons for example (Grant, 2015). The EBSP analysis was implemented in BEAST v2.4.7 using 
JC69 as DNA mutation model, a strict clock that was kept as 1. The EBSP analysis for each species 
was run for 300 million iterations with sampling every 2000 iterations, which was replicated five 
times. The resulting outputs from each replicate, i.e. the log, tree and EBSP log files, were 
combined using the command-line version of logcombiner while also resampling the result by a 
factor of 1. Convergence of the parameters were assessed based on the effective sample size (ESS > 
100) and the significance by the High Density Interval (HDI) – particularly, exclusion of zero from 
the interval. Because of the large log files and multiple analyses involved, we used a custom R 
script to load the log files for each species, compute the ESS, visualize the sampling of the 
parameters (i.e. caterpillar plot), and determine the 95% HDI of the parameters. Additionally, we 
plotted the effective population size through time using the EBSP Rscript ran in R v3.4.0. 
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Appendix S2.4. Values used for each IMa analysis. Parameters whose values were the same across all the IMa analyses are the MCMC parameters ha 
= 0.9, hb = 0.8 and hk = 20, the sequence evolution model HKY with interscalar parameter = 0.25. 
Species 
Regions in the 
IMa 
Maximum prior of the IMa model 
parameters 
MCMC parameters 
Number of samples 
included 
Divergence 
time 
Population 
size 
Migration Burn in 
#  of 
steps 
Chains CT Periphery 
Epinephelus merra CT vs IO 50 150 1 2000000 2000000 200 16 16 
 CT vs PO 3 10000 10 2000000 2000000 200 16 9 
Dascyllus aruanas CT vs IO 8 80 1 500000 1000000 100 64 52 
 CT vs PO 3 100 10 500000 1000000 100 64 79 
Cheilodipterus 
quinquelineatus 
CT vs IO 4 75 1 2000000 2000000 200 10 6 
 CT vs PO 50 40 3 2000000 2000000 200 10 6 
Chaetodon auriga CT vs IO 2 2000 50 2000000 2000000 200 13 24 
 CT vs  PO 1 20 30 2000000 2000000 200 13 22 
Acanthurus nigrofuscus CT vs IO 3 50 1 2000000 2000000 200 6 12 
 CT vs  PO 5 70 1 2000000 2000000 200 6 13 
Acanthurus nigricans CT vs IO 2 50 10 2000000 2000000 200 6 12 
 CT vs  PO 2 40 5 2000000 2000000 200 6 12 
 CT vs  PO 5 100 10 750000 2000000 100 50 50 
Holothuria atra CT vs IO 10 100 5 1000000 2000000 100 50 50 
 CT vs  PO 10 100 5 1000000 2000000 100 50 50 
Acanthaster planci CT vs IO 10 100 20 500000 500000 50 50 50 
 CT vs  PO 10 200 3 500000 500000 50 50 50 
118 
 
Appendix S2.5. Estimates of key parameters for the Generalized Linear Mixed Model (glmm) for 
Dhap using the full data set and data set without Acanthaster planci. The distribution used was log 
normal, thus the estimates are expressed in log units. Included here are the Grand Intercept, which 
is the log of mean Dhap of the CT, and the Intercept IO and Intercept PO, which indicates the 
difference in Dhap between the CT and IO or PO, respectively. The significance is evaluated by the 
exclusion of zero in the high density interval (HDI) leading to no difference between CT and IO/PO 
at 95% HDI. IO is only significant at 87.5% HDI while PO at 90% HDI. 
 
Parameter Full data set Data Set without A. planci 
 Mean 95% High Density 
Interval 
Mean 95% High Density 
Interval 
Grand Intercept (CT) 1.33 0.86 – 1.79 1.31 0.83 – 1.79 
Intercept IO (relative to 
CT) 
-0.04 -0.33 – 0.24 0.19 -0.06 – 0.45 
Intercept PO (relative to 
CT) 
-0.01 -0.25 – 0.22 0.21 -0.03 – 0.45 
 
Appendix S2.6. The estimates of key parameters of the Generalized Linear Mixed Model (glmm) 
for PD and π using the full data set. The distribution used for PD was log normal, thus the estimates 
are expressed in log units; while for π, a beta distribution linked with logit function was used, 
therefore, the parameters are in logit units(log
𝛑
1−𝛑
 ). Included here are the Grand Intercept, which is 
the log of mean PD and the log of  
𝛑
1− 𝛑
 of the CT, and the Intercept IO and Intercept PO, which 
indicates the difference in PD and π between the CT and IO or PO, respectively. The significance is 
evaluated by the exclusion of zero in the high density interval.  
 
Parameter PD π 
 Mean 95% High Density 
Interval 
Mean 95% High Density 
Interval 
Grand Intercept (CT) 1.7 1.07 – 2.33 -5.53 -6.27 - -4.84 
Intercept IO (relative to 
CT) 
-0.07 -0.24 – 0.10 0.03 -0.19 – 0.25 
Intercept PO (relative to 
CT) 
-0.01 -0.15 – 0.14 0.16 0.00 – 0.33 
 
119 
 
Appendix S2.7. Nucleotide diversity of each species (y-axis) in each region (x-axis). The circle 
represents the mean (dark) and standard deviation (light shade) of the nucleotide diversity. Similar 
treatment of Dhap and PD (see Figure 2.1) was applied to nucleotide diversity represented in this 
figure.  
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Appendix S2.8. Summary of the number of changes in Ne of the Extended Bayesian Skyline Plot (EBSP) analyses. Included in the table are the 95% 
High Density Interval (HDI) of the parameter, the effective sample size (ESS) and the number of samples (Nsample) for each EBSP analyses. 
Significance of population size change is based on the exclusion of 0 from the 95% HDI (displayed in bold in the table below). 
 
Species 
Indian Ocean Coral Triangle Pacific Ocean 
# of Ne Change 
(HDI) 
ESS Nsample # of Ne Change 
(HDI) 
ESS Nsample # of Ne Change 
(HDI) 
ESS Nsample 
Epinephelus merra 1 (1 – 3) 1880 46 1 (1 – 4) 6028 24 2 (1 – 5) 472 9 
Dascyllus aruanas 1 (1 – 4) 27436 15 1 (0 – 3) 3827 32 1 (0 – 3) 2159 38 
Cheilodipterus 
quinquelineatus 
1 (1 – 3) 834 4 1 (0 – 3) 3341 29 1 (1 – 3) 21908 4 
Chaetodon auriga 1 (0 – 3) 5883 36 1 (1 – 3) 1816 13 1 (1 – 3) 3194 35 
Acanthurus nigrofuscus 1 (1 – 2) 30155 51 1 (3 – 5) 521 6 1 (0 – 3) 2398 40 
Acanthurus nigricans 1 (1 – 3) 1440 44 1 (1 – 3) 889 6 1 (1 – 3) 1477 54 
Holothuria atra 4 (0 – 4) 404 26 0 (0 – 3) 2014 21 0 (0 – 3) 4339 37 
Linckia laevigata 1 (0 – 3) 2926 23 1 (0 – 3) 7426 52 1 (0 – 3) 1522 21 
Acanthaster planci 1 (0 – 3) 2292 20 2 (1 – 4) 3529 24 0 (0 – 3) 4275 58 
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Appendix S2.9. Each plot represents the Ne (y-axis) through time (x-axis) of each species (labels on 
the left side) in each region (colour of the line). The plots on the left (a) have the Ne y-axis scaled by 
the maximum Ne, for each region to visualize the changes, while those on the right (b) have raw x 
and y values. Solid lines indicate significant change in Ne, while the dashed line indicate no 
significant change Ne (see Appendix S2.8). 
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Appendix S2.10. Demographic history of each species using Tajima’s D (a) and Fu’s Fs (b). These 
two statistics were calculated for each site for each species. The circles in the maps correspond to 
the magnitude of these statistics, while the colour indicates if the statistic is less than zero (blue) or 
greater than zero (red). The estimated Tajima’s D (a) that are significantly different from zero are 
marked with an asterisk. 
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Appendix S2.11. Scatter plots between measures of genetic diversity and refugial area and 
isolation. Plots (a) and (b) show the absence of correlation between the effective number of 
haplotypes (Dhap) and refugial area (a) and isolation (b), while plots (c) and (d) show an absence of 
correlation for phylogenetic diversity (PD). Each point in the plot corresponds to a genetic diversity 
measure (y-axis) and refugial area or isolation measure (x-axis) of a site. The symbol for each point 
corresponds to a species (shown in the legend to the right), and the colour of the symbol indicates 
the region, as defined in Figure 2.1, of the site. 
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Appendix S2.12. The estimates of the parameters of the Generalized Linear Mixed Model for 
Dhap and PD examining the possible effect of refugia area and isolation. A log normal 
distribution was used for Dhap and a gamma distribution was used for PD, and both response 
variables were linked to the explanatory variables using a log function. Presented here is the 
estimate for the slope of isolation and slope of past area. Significance is evaluated by the 
exclusion of zero in the high density interval. 
 
Parameter Dhap PD 
 Mean 95% High Density 
Interval 
Mean 95% High Density 
Interval 
Slope Isolation -0.001 -0.001 – 0.000 -0.001 -0.001 – 0.000 
Slope Past Area 
(Refugia) 
-0.001 -0.006 – 0.005 -0.002 -0.005 – 0.003 
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Appendix S3.1. The posterior distributions of the parameters for the expansion model, 
namely: (a) time of expansion, (b) reference population size (i.e., population size before the 
expansion), and (c) growth rate during expansion. Note that parameters were only estimated 
for populations in which the expansion model was selected as the best model. The 
populations not included (n = 3) all showed constant population size.  
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Appendix S3.2. The distribution of the modes of (a) time of secondary contact, (b) time of 
divergence, and (c) the migration rate across the different pairwise analyses. Each point 
plotted in a to c corresponds to the mode of the posterior distribution of the parameter. 
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Appendix S3.3. Validation of our ABC approach for our effect to population size (a) and 
genetic structuring (b) models. Using simulated data as Pseudo-Observed Data (PODs), we 
evaluate the performance of our approach by examining the rate of correctly supporting the 
model of the PODs the (precision; red coloured points), and the rate at which the correct 
model is not correctly supported (error rates; grey coloured points). The shape of grey 
coloured point indicates which model to which the POD is incorrectly identified. 
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Appendix S4.1. Results of the pairwise 𝐹𝑠𝑡 between populations. 𝐹𝑠𝑡 values that are not 
significant are replaced by a value of 0. The NAs indicate populations where the species are 
not sampled. The 𝐹𝑠𝑡 values in the upper triangle of the matrix were the comparisons for C. 
quinquelineatus, while the E. merra comparisons are in the lower triangle of the matrix.  
Pop BNP BPP CBP DNP GMP HSP MDP PPP QPP SDP 
BNP ----- NA NA NA NA NA NA NA NA NA 
BPP 0.008 ----- 0.009 0.006 0.011 0.004 0.002 0.011 0.005 0.008 
CBP 0.006 0.000 ----- 0.001 0.002 0.005 0.003 0.000 0.003 0.005 
DNP 0.005 0.002 0.000 ----- 
-
0.003 0.001 
-
0.001 0.001 
-
0.003 0.000 
GMP NA NA NA NA ----- 0.005 0.004 0.006 0.009 0.009 
HSP 0.002 0.001 0.002 0.002 NA ----- 0.000 0.009 0.005 0.009 
MDP NA NA NA NA NA NA ----- 0.006 0.001 0.004 
PPP 0.011 0.002 0.002 0.004 NA 0.001 NA ----- 0.003 0.004 
QPP 0.005 
-
0.002 
-
0.003 0.001 NA 0.000 NA 0.006 ----- 0.000 
SDP NA NA NA NA NA NA NA NA NA ----- 
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Appendix S4.2. Loadings of the original environmental variables to the different Principle Components (PC). Values in bold are the two variable 
loading most in each PC axis. The original environmental variables were obtained from MARSPEC (http://marspec.weebly.com/modern-data.html). 
Environmental Variable 
(variable code from 
MARSPEC) 
Loadings to PC Axes 
PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9 PC10 
Annual mean SSS (biogeo08)  -0.44 0.09 -0.18 0.24 -0.08 0.04 -0.33 -0.77 0.00 0.00 
Annual range of SSS 
(biogeo09) -0.45 0.11 -0.20 0.07 0.04 -0.03 0.38 0.17 -0.76 0.00 
Annual variance of SSS 
(biogeo10) -0.34 -0.05 -0.17 0.69 -0.11 -0.02 -0.02 0.46 0.39 0.00 
SSS of freshest month 
(biogeo11) 0.39 -0.20 0.16 0.41 -0.13 0.04 -0.56 0.10 -0.53 0.00 
SSS of saltiest month 
(biogeo12) 0.35 -0.28 0.11 0.47 0.07 0.03 0.64 -0.39 0.00 0.00 
Annual mean SST (biogeo13)  0.31 0.08 -0.58 -0.04 -0.44 -0.61 0.04 -0.05 0.00 0.00 
Annual range of SST 
(biogeo14) 0.25 0.46 -0.26 0.08 -0.10 0.51 0.05 0.01 0.00 0.62 
Annual variance of SST 
(biogeo15) 0.17 -0.25 -0.66 -0.05 0.41 0.37 -0.09 0.03 0.00 -0.39 
SST of coldest month 
(biogeo16) -0.13 -0.56 -0.14 -0.10 0.33 -0.24 -0.10 0.01 0.00 0.69 
SST of hottest month 
(biogeo17) -0.15 -0.51 -0.04 -0.23 -0.69 0.41 0.09 0.01 0.00 0.00 
Note: SSS = Sea Surface Salinity; SST = Sea Surface Temperature 
